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ABSTRACT
The purpose of this thesis is to investigate the operation of 
GaAs field-effect transistors with particular attention to the existence 
of negative resistance regions in the current-voltage characteristics, 
velocity overshoot effects, the role of substrate, and the role of 
heterojunctions.
The approach used is to solve the electron transport equation 
using the Monte Carlo method which accounts for non-local effects in 
electron transport.
Arguments are presented to support the contention that the negative 
resistance regions in the current-voltage characteristics observed in 
some experimental devices and produced by other researchers1 computer 
simulations are attributed, in part, to the negative differential 
mobility of GaAs. The main reason of the existence of this negative 
resistance is related to the active layer thickness and it will be 
explained in terms of the rotation of the velocity vector.
Electron velocity overshoot, a consequence of non-local effects, 
is examined in terms of gate length. The velocity overshoot becomes 
significant for FET structures with gates less than a micron in length 
and has many significant effects on the device performance. It is found 
also that velocity overshoot accounts for the undesirable saturation 
characteristics of submicron gate length GaAs FET which are observed in 
practical devices.
However, it was also found that the presence of a low-doped n-type 
GaAs substrate below the active layer removes the negative resistance 
regions in the current-voltage characteristics. This is attributed to the 
effect of carrier injection from the active layer into the substrate 
which leads to the decrease of the effective channel thickness. This
then will decrease the transconductance of the device, increase the 
gate pinchoff voltage and lower the device frequency response. This 
degradation of device's performance depends entirely on the purity and 
properties of the substrate. The performance of substrated FETs can be 
improved by preventing electron penetration into the substrate. This 
situation can be reached by using AlGaAs substrate whose energy band 
gap is higher than that of GaAs which then leads to electron confinement 
in the active layer. The use of AlGaAs in FETs can be in different 
forms. These will also be demonstrated in this thesis.
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CHAPTER 1
• INTRODUCTION
The metal semiconductor field effect transistor (MESFET) has many 
desirable characteristics especially for microwave applications. The 
inherent high frequency of this device is due to the ability of the 
present technology to produce well defined short gate MESFETs made from 
materials of high low-field mobility such as GaAs, InP and InGaAs since 
MESFET’s performance is limited mostly by these two factors.
Although many analytical and numerical models have been used to 
investigate the properties of MESFETs and to predict the appropriate 
reasons for the different characteristics of this device, there are still 
many physical mechanisms in this device that are not fully understood 
such as the existence of negative resistance regions in the current-voltage 
characteristics, electron velocity overshoot and the role of the substrate. 
Accordingly, in this thesis, and with the aid of a high speed digital 
computer, the physical behaviour of MESFETs are numerically analyzed in 
two dimensions.
1.1. Historical Perspective
Thirty years has passed since W. Shockley[1] proposed the p-n junction 
field effect transistor and developed its basic theory. As conceived by 
Shockley, the device operation is based upon majority carrier flow and the 
depletion region of the p-n junction is used to modulate the cross-sectional 
area which is available for current flow and is called the channel.
In his analysis of this device, Shockley assumed that the two- 
dimensional electric field distribution can be treated as a superposition 
of two one-dimensional fields, the longitudinal field due to current flow 
along the channel and the transverse field due to carrier depletion. For
this field decomposition, Shockley also assumed that the longitudinal 
field is much smaller than the transverse field in the depletion region 
so the channel cross-section will vary very gradually as one progresses 
along the channel from the source to the drain. However, as pointed out 
by Shockley, the above approximations are not applicable beyond current 
saturation which occurs when the gate-to-drain voltage reaches the pinchoff 
voltage, but a two-dimensional solution for the field distribution is 
required.
Nevertheless, Shockley’s analysis has become the starting point for 
most of the advanced analytical treatments to explain the device operation 
before as well as after current saturation. R. A. Pucel et al[2] presents 
in 1975 an excellent treatise on the development of the analytical 
techniques used in the modelling of the junction field effect transistor. 
Some other improvements have been made later by several workers[3-5].
Although some of these analytical treatments showed relatively good 
agreement with some experimental results, there is still no exact analytical 
model appropriate especially for the saturation regime, and in order to 
assess the behaviour of the FET in such situations, researchers have turned 
to two-dimensional numerical methods[6-25]. The general approach has been 
to use the conventional diffusion model[6-12] which incorporates a static 
electron velocity-electric field relationship to account for the changes in 
electron mobility. However, this approach also has its limitations because 
it is based on the assumption that the electron relaxation times are short 
compared to the transit time of the device, so it neglects the nonstationary 
state of electrons such as the velocity overshoot phenomenon [13-14]. As the 
tendency in fabricating semiconductor devices is toward small geometrical 
sizes, the diffusion model becomes increasingly inadequate and for this 
reason different types of models were developed to account for the effects 
of the relaxation times. Among these models is the modified form of the
diffusion model which includes the energy and momentum relaxation times 
[15-20] and the two-dimensional particle-mesh Monte Carlo model[21-25].
The former model was first used in one-dimensional simulations by Shur[15] 
and has been extended to two-dimensional MESFET simulations[16-20]. This 
model has the advantage that it requires less computer resources than the 
latter model but, on the other hand, it cannot consider the complexity of the 
electron scattering mechanisms as in the Monte Carlo model which presents in 
detail the scattering of the electrons with the lattice taking into its 
account any possible scattering event. It is this that makes the two- 
dimensional Monte Carlo model as the most accurate model to investigate the 
electron conduction processes in MESFETs [21-25].
1.2. The Outline of the Thesis
It is well recognized that the properties of the active layer and 
the substrate are crucial in describing MESFET’s operation especially 
when device stability and performance are concerned. However, to the 
author’s knowledge, no detailed work has ever appeared in the literature 
to investigate the different mechanisms involved in the operation of 
MESFETs and how these are affected by the device geometry and the properties 
of the active layer and the substrate.
The aim of the work presented in this thesis is to give such a study 
on the GaAs MESFET by using a two-dimensional particle-mesh Monte Carlo 
model. In order to illustrate the physical limitations of the diffusion 
model, this will also be considered in some parts of the thesis.
Chapter 2 describes both the diffusion model and the Monte Carlo 
model. Chapter 3 gives a physical explanation for the different modes 
in the I-V characteristics of GaAs MESFETs with and without a substrate. 
Chapter 4 discusses the effects of gate length on the electron conduction 
in GaAs MESFETs as well as the conditions of occurrence of the velocity 
overshoot in this device. Chapter 5 investigates the effects of the
substrate properties on MESFET’s characteristics. Chapter 6 discusses 
the electron transport in GaAs-AlGaAs heterojunctions and then how the 
existence of such junction in MESFETs affects the device’s operation and 
performance. Finally, Chapter 7 summarizes our conclusions and sets up 
possible lines for further work.
CHAPTER 2
THE TWO-DIMENSIONAL NUMERICAL ANALYSIS OF MESFET
2.1. Introduction
The fast rate of progress in semiconductor devices technology has led 
to the development of complicated physical models for the electron transport 
in these devices[26-28]. Among these models are the two-dimensional 
diffusion model and the two-dimensional particle-mesh Monte Carlo model 
which will be discussed in this Chapter. These two models are made to 
investigate the planar MESFET structure shown in Figure 2.5. The uniformly 
doped n-type active layer of thickness d, with ohmic source and drain 
contacts placed as shown, is mounted on a substrate. A Schottky-barrier gate 
of length L is placed between the source and drain contacts. Four substrate 
regions can be considered in both models; these substrates can be of 
different properties and of different material types.
The results obtained from both treatments are dependent on the material’s 
mobility which, in turn, is affected by the transport properties of the 
material considered. Section 2.2 presents a basic discussion on the most 
important processes that affect the electron mobility in GaAs. Section 2.3 
gives the details of the 2-D diffusion model as applied to MESFETs. Section 
2.4 gives the details of the 2-D particle-mesh Monte Carlo model and 
Section 2.5 derives the basic small signal and noise parameters in MESFETs.
2.2. Transport Properties in GaAs.
2.2.1. Band Structure and Scattering Mechanisms
It is well known that all the III-V compounds have conduction band 
structures of the form shown in Figure 2.1. This band has three valleys.
The first valley whose minimum is located at the centre of the Brillouin 
zone, the T-point, has a light effective mass. The other two valleys, 
called the satellite valleys, have minima at a few tenths of an electron
volt above the central valley minimum and situated along the <100> and 
<111> directions respectively which are the symmetry points X and L at the 
zone edges. The satellite valleys have effective masses which are much 
greater than that of the central valley.
For GaAs, the central valley has a minimum at 1.439g eV above the top
of the valence band and its effective mass is 0.063m [29], where m is theo L J o
free electron mass. The satellite valleys have the lowest energy at the 
L-valley whose minimum is 0.33 eV above the central valley minimum and has 
an effective mass of 0.222 mQ; the X-valley minimum is 0.522 eV above the 
central valley minimum and its effective mass is 0.58 m [29]-. All valleys 
are assumed to be spherically symmetric with respect to the electron wave 
vector but are non-parabolic. The other parameters of GaAs are listed in 
Table 211 [29] .
However, under the influence of an applied electric field, the electrons 
will be accelerated as they gain energy from this field. If the crystal is 
perfectly periodic, the acceleration will continue in a straight line but due 
to the existence of many mechanisms in the crystal that perturb this 
periodicity, electron acceleration will be accompanied by a number of 
collisions with the lattice that alter the electron momentum and energy.
These collisions, which are known as the scattering mechanisms, are classified 
into two main types. The first type is due to lattice vibrations and called 
the lattice scattering while the other is produced by ionized impurity atoms 
and called the ionized impurity scattering. In the following discussion, 
these important scattering mechanisms are summarised.
A. Lattice Scattering
This scattering mechanism is determined by the intrinsic physical 
properties of the crystal and occurs due to the vibrations of atoms about 
their equilibrium sites. These vibrations will vary the periodic potential 
in the crystal with time and then alter the electron sites in time. In a
fashion similar to the association of photons with electromagnetic waves, 
lattice vibrations can be considered as phonons with an associated energy 
and momentum of hWj, and hK respectively where w^ is the vibrational frequency 
and K is the wave vector of the vibration. The scattering of the electrons 
due to the perturbations of the periodic potential arising from lattice 
vibrations can therefore be considered as an interaction of electrons with 
phonons.
However, the scattering of electrons with phonons depends on the nature 
of these phonons. Figure 2.2 shows a schematic representation of the dispersion 
relation for lattice vibrations in the Brillouin zone. In this figure there 
are four branches that are divided into two groups. For one group, w^ 
increases with K almostly linearly near the Brillouin zone centre and attains 
a maximum at the zone edge. The phonons corresponding to this group are
called acoustic phonons and the two branches of this group correspond to 
the longitudinal (LA) and transverse (TA) vibrations. For the second group, 
w^ is fairly constant around the Brillouin zone centre but reaches a smaller
value at the zone boundary. The phonons corresponding to this group are
called optic phonons and the two branches of this group correspond to the 
longitudinal (LO) and transverse (TO) vibrations. The acoustic phonon group 
causes the neighbouming atoms to vibrate in phase while the optical phonon 
group causes the neighbouring atoms to vibrate in opposite phase.
The scattering of electrons by acoustic phonons occurs in two ways. In 
the first way, the acoustic phonon vibrations changes the spacing between the 
lattice atoms. Consequently the energy band gap and the position of the 
conduction and valence band edges will vary from point to point because of 
the sensitivity of the band structure to the lattice spacing. The fluctuations 
introduced into these bands will produce potential discontinuities in both 
bands. This potential is known as the deformation potential since it is 
produced by the deformation of the crystal, and the resulting scattering
mechanism is referred to as piezoelectric scattering.
The scattering of electrons by optical phonons also occurs in two ways. 
The first way is resulted from the electrical polarisation of the lattice 
produced by the optical vibrations due to the ionic charges associated with 
the atoms forming the crystal binding of GaAs. In turn, the dipolar electric 
field arising from the opposite displacement of the negatively and positively 
charged atoms provides a coupling force between the electrons and the lattice 
which is the potential associated with the scattering of the electrons. This 
scattering type is called the polar optic phonon scattering and is known as 
the most important mechanism for electrons in direct band gap semiconductors. 
The second way of electron scattering by optical phonons is similar to the 
deformation potential scattering in which the deformation of the crystal due 
to optical phonon vibrations produces a perturbing potential. This potential 
is known as the optical deformation potential and the resulting scattering 
mechanism is called the nonpolar optic phonon scattering.-
In all the above scattering mechanisms, the principles of energy and 
momentum conservation must be obeyed. If is the crystal momentum of an 
electron before the scattering and the momentum after the scattering, a 
momentum of an amount must be supplied by the lattice. This can be
achieved in two ways, either by absorption of a phonon of momentum (P^-P2) 
or by emission of a phonon of momentum (R—  P ). From the frequency-wave 
vector relationship for the phonon, given by the dispersion diagram of 
Figure 2.2, one will obtain E^, the energy of the phonon corresponding to 
the change in.electron*enfergy after scattering. If E and E' are the electron 
energies before and after scattering, E" will then be given as (E+E^) for 
absorption of a phonon and as (E-E^) for emission of a phonon. The change 
of the energy by phonon energy depends on the phonon type and in some 
mechanisms is negligible when E^ is quite small [30].
However, the scattering of electrons by these phonons is also classified
into two other types. For the first type, the electrons in the F-valley 
or any of the upper L or X valleys will remain in the same valley after being 
scattered by the lattice. This type of lattice scattering is known as 
intravalley scattering, and only phonons of low wave vector can take place 
in such interactions[30]. The scattering rates for the processes involved 
with the intravalley scattering in the ith valley are given by:
i. Polar optic phonon scattering[31]:
* Nq...absorption, q w ( m .)2
A (E)= -----2— =—  [-------— ] A xF (E ,E ')x  , . . (2 .1 )
po 4/2ire B eh el  p P ]NQ+1 . . .emission
where wq is the polar optical phonon frequency, and are the high and
*
low frequency dielectric constants, m. is the effective mass of the ith
l+2a.E" 1
valley. A is given as ----- ■—  where a. is the non-parabolicity factor
P [E(l+a.E)]5 1
of the ith valley and E and E' are the electron energies before and after
scattering as were specified earlier. For this scattering mechanism, these
energies are related as
E" =
f E ■ + R w absorption
E - E w emissiono
(2.2)
Nq is the optical phonon occupution number,
No = [exp (B wq/KbT) - l]"1
which represent the number of phonons of a frequency w at a particular 
lattice temperature T. F (E,E^) is a function of E,E" and a., and togetherp l
with Ap, they account for the effects of non-parabolicity and K-dependence 
of bloch states. The other symbols are standard constants and have their 
usual meaning.
ii. Nonpolar optic phonon scattering [31]:
3
2 * 2-~
(m.)
X1 (E) = A x
np Vli, R3 w p n
N .....  absorption
° (2.3)
N +1.... emission o
where Dq is the optical deformation potential, p is the density of the 
material, and is given as [E^Cl+a^E^)] (l+2cuE’'), The other parameters 
were specified earlier.
iii. Acoustic phonon scattering[31]:
J5
* 2 2  
(2m.) K T D
X1 (E) = ---1 0--*--- —  A x F (E) (2.4)ac v J „ 2 . ■4 a a v J K J2irps ft
where Da is the acoustic deformation potential, s is the sound velocity of
the material, A is given as [E(l+a.E)]2 x (l+2a.E), and F (E) is a function a x x a
of E and cu . Here acoustic phonon absorption and emission by the electron 
is neglected since the acoustic phonon energy is small compared to Kg T[30].
iv. Piezoelectric scattering[32]:
i 0 0  KB T q P2 2
\ (E) = — -----=—  [ -] A (2.5)
PZ 4 ^ V h 2 Cl V l  Z
2where = ps is the longitudinal elastic constant and p is the piezoelectrxc
JL Z
constant. A i s  given as
* 2,-2 8m.L^E(l+a.E)
A = (1 + 2a.E) x [E(l + a.E)] x In (1 + — ---!— •)z 1 1
where is the extrinsic Debye length given by
e e1 K T 2
Ld = C 2 ) (2.6)
q no
nQ is the free electron concentration and is given as
no = N D - N A (2.7)
where and are the densities of the donor and acceptor impurities 
respectively.
However, in the second type of lattice scattering, the electrons will 
be scattered by phonons in two ways. For the first way, the electron is 
scattered from its initial state in a certain valley to a final state in
another valley which is equivalent in energy to the initial one. In such 
processes, the wave vector of the electron changes by a large amount, so 
that only phonons with large wave vectors may take part in this scattering. 
The resulted scattering mechanism is called the equivalent intervalley 
scattering and the phonon involved is referred to as equivalent intervalley 
phonon which may be either an acoustic or optic phonon[30]. This scattering 
process occurs only in the L and X valleys since the r-valley has only a 
single equivalent energy valley. The scattering rate for this process is 
given as [31]:
* 2 2 Cm.)
A^E) = (Z -1) - i  2 3- A x
6 V ^ T T p w R  ee
3 Ne  absorption
(2.8)
N +1 .... emission e
where Z. is the number of equivalent valleys, w is the phononfs frequency,X. 0
Dg is the phonon's deformation potential, and Ag is similar to A in 
equation (2.3) except that E' is related to E as
E' =
E + h wg absorption
E - R w emission
N is the equivalent intervalley phonon occupation number given by 0
N0 = [exp(K we/KB T) - l]"1
For the second way, the electrons will be scattered from a low-valley 
to a higher non-equivalent valley. In GaAs, this process occurs when 
electrons heat up in the r-valley and are able to transfer either to the 
L or X valleys only when they have acquired energy equal to the respective 
subband energy gap AE^ or ^rx* e^ec‘trons ^ e  L-valley will also
transfer to the X-valley when they have gained an energy equal to the 
subband energy gap AE^. The electrons in a higher valley may also transfer
back into a lower valley when they lose energy equal to the subband energy 
gap between the respective valleys.
However, this scattering process requires also phonons with a large 
wave vector and the theoretical selection rules show that only longitudinal 
optical phonons are allowed when the satellite valley minima are on the 
edge of the Brillouin zone[33]. The resulted scattering mechanism is called 
the non-equivalent intervalley scattering and the phonon involved is referred 
to as non-equivalent intervalley phonon. The scattering rate for a transition 
from valley i to valley j is given as [31]:
Z.(m?)2 D?.
A (E) = r r A. ■ x
</2 ir p w.. R ^
13
j ....... absorption
N..+1 ..... emission 
il
(2.9)
where is the phonon's deformation potential and w ^  is the phonon's
frequency. is similar to A 10 equation (2.3) except that is replaced
by a. and E^ is related to E as 
1
E' =
E + R w^  - E. + E^ absorption
(2.10)
E - H w . . -E. +E. emission
il 1 1
where Ej and E^ are the energy differences between the minima of valley j and 
valley i and the top of the valence band. is the non-equivalent inter­
valley phonon occupation number given by
= [exp(fi w. ,/Kb T) -l]*1
B. Ionized Impurity Scattering
This scattering process arises by the addition of impurities to the 
crystal to provide one type of free carrier of the required doping concentration. 
The substitution of an impurity atom on a lattice site will perturb the 
periodic potential and thus scatters an electron since the potential 
associated with the impurity atom is different from that of the atom in the
host crystal.
The principles of momentum and energy conservation will be also obeyed 
in this scattering mechanism. The change of electron momentum on passing 
an ionized impurity atom will be aupplied as a momentum analogous to the 
momentum of the lattice waves, while since the mass of the impurity greatly 
exceeds that of the electron, this scattering is very close to being elastic 
and therefore it does not alter the energy of the electron[30].
However, the ionized impurity scattering can be also classified into 
intravalley and intervalley scattering, but as the latter is an extremely
weak process [34], we will assume that impurity scattering is always an
intravalley scattering. The scattering rate for this process in the ith 
valley is given as [35]:
2i^rq2( m V » T ,
^ m(E) = ------2— 2~2—  (E(l+a^E)) (l+2cuE) (2.11)
(e,.^) B 6
where 3 is the inverse screening distance
2 i4irq n |
6 = ( ' K- ° ) (2.12)
r 1 B T
Nj is the total impurity concentration and is given as
NI = nd + Na (2.13)
where and N. were defined earlier.D A
2.2.2. The Dependence of Electron Conduction in GaAs on the Scattering 
Mechanisms
The process of electron acceleration by a field F and interaction with 
the lattice causes the electron to move with an average velocity v = pF 
where p is referred to as the electron mobility. The processes that affect 
the mobility are the scattering mechanisms discussed earlier, and since
the rates of these mechanisms depend on the electron energy, the electron 
mobility will be also an energy dependent parameter.
In intrinsic semiconductors, where ionised impurity scattering is 
excluded, the dominant scattering process at low electron energies, where the 
electrons occupy energy states in the T-valley, is due to the electron 
collision with polar optical phonon[36]. This process has the highest 
scattering rate as shown in Figure 2.3a which illustrates the variation of 
the scattering rates with electron energy in the T-valley as calculated from 
the data in Table 2.1.
When an electric field is applied, the energy gained from this field will 
be distributed to the lattice by the absorption or emission of polar optical 
phonons. If this energy is small, the energy loss to these phonons will be 
also small and this will make the polar optical phonon scattering rate, which 
is a measure of energy loss, relatively small and almost constant as shown in 
Figure 2.3a. These conditions result.in a high and constant electron 
mobility at very low electric fields since the mobility is proportional 
inversely to the scattering rate[36]. This situation will result in a 
linear velocity-field characteristics as is shown in Figure 2.4 which is 
determined for GaAs from the Monte Carlo model described in Section 2.4.
However, as the electron energy is increased by the field to E ~ ft wq 
phonon emission becomes possible. The scattering rate therefore increases as 
shown in Figure 2.3a and results in a slight decrease in the mobility at 
small field strength. This decrease becomes particularly significant at low 
lattice temperature[35]. As electron energy increases further, electrons 
will gain more energy than they can lose to the polar optical phonons, and as 
this gained energy increases with the field, the rate of energy loss is 
reduced. This condition then leads to the decrease of the polar optical 
phonon scattering rate with the increase of energy as shown in Figure 2.3a, 
and consequently this process becomes less effective at high electron energies.
Any further increase in the electron energy will also lead to the transfer 
of electrons into the satellite valleys when they have acquired enough 
energy. The electron transfer into the L-valley will be before that into the 
X-valley since the former has a less subband energy gap with respect to the 
T-valley as shown in Figure 2.1. As this electron transfer begins, the 
non-equivalent intervalley scattering process will have an influence on the 
electron conduction in GaAs. It is indicated in equation (2.10) that electrons 
will lose more energy to the phonons than that gained by the field. 
Consequently, the scattering rate of this mechanism will increase with electron 
energy and then tends to saturate at a high value as shown in Figure 2.3a 
indicating the domination of this scattering.
It is worth noticing that this rate is proportional to the square of 
the phonon's deformation potential as is indicated in equation (2.8).
With high , the electrons will have a high scattering rate and then a 
high probability of being transferred into the satellite valleys. The high 
value of will also increase the scattering rate of electrons from the 
satellite valleys to the T-valley, but because of the small density of 
states in the T-valley, the electrons will have a small probability of being 
transferred back into the T-valley. Therefore, the L-»T and the X-*T 
scattering processes will be unimportant in affecting the electron conduction 
and have very small scattering rates as is shown in Figure 2.3b which 
illustrate the variation of the scattering rates with electron energy in the 
L and X valleys.
However, the increase of the T-*L and T-»-X scattering rates with energy 
will cause an increase of the electron population in the satellite valleys 
as shown in Figure 2.4 which gives also the variation of the satellite 
valleys population ratio as a function of the electric field. The electrons 
transferred into the satellite valleys will also experience the four types 
of intravalley scattering in addition to the intervalley scattering processes 
as is shown in Figure 2.3b. The total scattering rate of the electrons in
these valleys will be very high due to the high effective masses of these 
valleys, and as a result the electrons will have a very low mobility in 
the satellite valleys. The continuous increase in the electron transfer 
into these low mobility valleys from the high mobility r-valley by the 
increase of the electric field will lead to the decrease of the average 
electron velocity with increasing the field beyond a threshold value as
shown in Figure 2.4. There is now in this figure a well defined region of 
fields that give a negative differential mobility (N.D.M.), i.e. with ^  < 0. 
This region is usually referred to as the negative differential resistance 
(N.D.R.) region because of the relation between the resistance and mobility.
However, when the doping density of the semiconductor material is
increased, ionised impurity scattering will have an important influence
on electron conduction. It is clear from Figure 2.3a that the high
scattering rate of this mechanism at low energies makes this process to be
the dominant scattering mechanism at such energies. Although it appears
from equation (2.11) that when the material is uncompensated, i.e. with
2= 0, this rate is independent of the donor density since 3 is also 
proportional to N^, the angle through which an electron is scattered by an 
impurity atom increases in proportion to N^[35]. This situation then leads 
to the decrease of the electron mobility and electron velocity with increasing
Np only at low electric fields as shown in the Figure 2.4 where the velocity-
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field characteristics of a 10 cm- and a 10 cm” doped n-type GaAs layers
are presented. At high electric fields the scattering rate becomes negligible
since charged atoms cannot scatter high energy electrons[30] and as a result
this mechanism will not affect the electron velocity at high fields as is
shown in Figure 2.4. This figure also shows that the satellite valleys
population ratio is independent of the donor density which is not surprising
since intervalley electron transfer is independent of the doping as is
indicated in equation (2.9).
However, as the material is compensated by the addition of an
acceptor density N^, the total impurity concentration Nj will increase
while the free electron concentration n will decrease as is indicated ino
equations (2.13) and (2.7) respectively. Accordingly, the ionised impurity 
scattering rate will also increase as is shown in Figure 2.3a for an n-type 
GaAs layer with - 10 cm” and = 3 x 10 cm” . This condition will 
then lead to the decrease of the low-field electron mobility and the 
electron velocity at low fields incomparison to those of the uncompensated 
material as shown in Figure 2.4.
2.3. The Two-Dimensional Diffusion Model
2.3.1. Basic Equations for the MESFET Structure
The electrical characteristics of a semiconductor device are dominated 
by the following three basic equations[26]:
a. Poisson’s equation,
v2* = f Z -  (N - N - n + p) (2.14a)
r 1
b. The current transport equations,
J = q n v + q D V n  (2.14b)n n n n n
Jp = q P vp - q Dp Vp (2.14c)
c. The continuity equations,
where ip is the electrostatic potential, n and p are the electron and hole
densities. The equations (2.14b) and (2.14c) give the particle current
contributions to the total current density J in terms of the carrier
densities n and p respectively. The first terms of the right-hand sides
of these equations are the drift current densities and the second terms are
the diffusion current densities. The velocities v and v and the diffusionn p
coefficients Dn and are assumed to be dependent on the electric field.
Figure 2.6 shows the sign convention for the above parameters. The electron
charge is assumed to be positive and travels to the right and against the
field F. It is also noticed in this figure that although the electron and
hole drift in opposite directions, their associated current densities have 
. Scw\e
theidirection since the charge on each is of opposite sign.
Although all of the above-mentioned equations must be solved self- 
consistently to obtain the precise characteristics of devices, in practice 
some approximations or simplifications can be applied, but these depend on 
the device concerned.
As the MESFET is basically a majority carrier device, the terms that 
are related to the motion of minority carriers can be omitted. Furthermore, 
since we will be concerned here with the steady-state behaviour of the 
MESFET, the time-dependent terms have also been neglected. The remaining 
equations in two-dimensions for the steady-state numerical analysis of a 
MESFET with n-type active layer are:
T OJ = q n v  + q D -s—  x n x n n 3x (2.16)
J = q n v + q D - | 2 -  (2.17)y n y n n 3y ■ K J
3J aj
3sr+ 3 ^ = °  (2-18>
where J and J are the longitudinal and transverse components of the electron x y
current density, v and v are the longitudinal and transverse componentsx y
of the resultant electron velocity v (F) and are given by 
F
v = v (F) ~  (2.19)x n v F v J
F
v = v (F) /  (2.20)y n F v J
F^ and F are the longitudinal and transverse electric fields
Fx = - f  V (2.21a)
Fy = - (2.21b)
and
= /f2 + F2 (2.22)x y v J
The usual velocity-field characteristics of electrons in GaAs is assumed
as
V0F + v (F/F )4
v (F) = -2-----2---_t£_ (2.23)
1+(F/Fth)4
where ]iQ is the low-field mobility, F ^ is the threshold electric field above
which the differential mobility becomes negative and vg is the saturation 
velocity. The values of these parameters will be taken from Monte Carlo 
calculations for GaAs of the same doping density. The diffusion coefficient 
is field dependent and is determined from the generalised Einstein relation
Dn = Hr -F—  (2-24)
2.3.2. The Boundary Conditions
For the planar MESFET structure shown in Figure 2.5, the boundary 
conditions for the above equations are derived from the surface and contact 
properties.
At the free surface, there is zero normal component of current and, as 
in the situation here, there is a large change in the relative permittivity 
from the active layer (e^  = 12.9) to the surrounding air, the boundary 
condition can then be stated as
V\p = Vn = 0  r r
where r corresponds to the vector normal to the free surface.
At the source and drain electrodes, the electron density is fixed at
the electron doping density, i.e. n = n , . = N n . For the gater . source dram D
electrode, the electron density is zero, ngate = owing to the carrier 
depletion by the Schottky barrier gate. The source potential is set to 
zero, the drain potential is fixed to V^g, and for the Schottky barrier 
gate the potential is fixed at V^g - Vg.
2.3.3. Method of Calculation
The two-dimensional partial differential equations (2.15) - (2.18)
have been solved numerically by considering their finite difference forms.
However, many numerical methods are available for the solution of these
equations. An excellent survey of numerical methods for semiconductor
device problems with emphasis on 2-D solutions was made by Reiser[26].
Among these various 2-D methods, use has been made of Hockney’s direct
Poisson’s equation solver POT4[37] for rectangular geometries with mixed
boundary conditions, and the successive under-relaxation method has been used
for solving the current transport and continuity equations. Although the
standard difference formulae (2.16), (2.17) and (2.18) of these equations
can be solved by this method, it was pointed out by Scharfetter and Gummel[38]
that meaningless physical instabilities may occur if the cell Reynolds number, 
v xAh
given by — ^---, where vn is the velocity of particles, Ah is the mesh spacing,
n
and Dn is the diffusivity, is greater than 2. Scharfetter and Gummel
skilfully circumvented such instabilities for one-dimensional problems and
Slotboom[39] first attempted to utilize the Scharfetter-Gummel scheme for 2-D
problems. To avoid these instabilities, this scheme will be also used in our
model for solving the current transport and continuity equations together
with mesh spacings less than the extrinsic Debye length (<0.013 microns for 
1 7 - 3Np = 10 cm ). The number of these mesh cells must be an integral power 
of 2 in each direction as a requirement of Hockney’s P0T4.
The required data on the material used, device dimensions, applied 
voltages, and boundary conditions are read in together with the initial 
mobile electron distribution. Once this is done, an iterative process is
begun by determining the potential at every mesh cell from the Poisson solver.
This is followed by calculating the electric fields, drift velocities, diffusion
coefficient and then the new mobile electron density as to satisfy the continuit;
equation at each mesh cell. As a result, Poisson’s equation is no longer 
satisfied by the newly obtained mobile electron densities and then new values
of potentials are computed which will, in.turn, make the continuity 
equation inconsistent and therefore new values of mobile electrons are 
obtained. This process will be repeated until the program converges 
according to the requirement of a continuous current in the x-direction at 
each cross-sectional area of the device.
2.4. The Two-Dimensional Particle-Mesh Monte Carlo Model
The basic idea of the Monte Carlo simulation is to follow, on a time 
step basis, the trajectories of non-interacting charged particles each 
representing a cloud of electrons. This model calculates in two dimensions 
in real space and three dimensions in K space. The particle trajectories are 
then followed as the particles move under the influence of self-consistent 
fields and interact with the crystal lattice. This model, therefore, 
reflects the actual physics of a semiconductor device and this, in turn, 
needs . detailed data for both the device and material considered in the 
simulation. For the MESFET structure shown in Figure 2.5, both the 
dimensions and doping densities of the device regions must be specified together 
with the boundary conditions discussed in Section 2.3.2. Furthermore, the 
material's band structure and the physical constants necessary for calculating 
the scattering mechanisms must also be given. For GaAs, which is the 
material concerned in this work, we will assume the three valley model of 
Figure 2.1 with the material data and the scattering mechanisms given in 
Section 2.2.
The model starts by assuming charge neutrality as the initial state of 
the particles. The position of the particles in real space is assigned by 
a random number generator with a flat distribution. A charge neutral region 
of volume V and doping density must contain x V electrons. If the 
number of the simulated particles is N, then each particle will represent
Np x V/N electrons. It is then ideal to choose N as large as possible in 
order to make good and accurate simulations, i.e. to reduce the 
instability and the effects of statistical fluctuations[28] but, practically, 
the upper limit for N is dictated by the amount of available storage and the 
available computer processing time. With the University of Surrey PRIME 750 
computer, we were able to use N = 2 x 10^ particles for our purposes.
However, all these particles will be initially in the central r-valley 
and are assigned K vectors corresponding to a Maxwellian distribution which 
is defined as one where probability of finding a wave vector with magnitude|K 
between K and K + dK is given by
p(|P dK = (2irK^ h)
-i
exp {- j  (— ) } 
th
where K ^ is the root mean square wave vector for the distribution. If the 
distribution is at temperature T then K ^ is given by:
In order to determine the value of K. we have to calculate first the
cumulative distribution function
C(K) = |  erf (K/(2KthV)
where erf is the error function. Since C(K) is in the range - i  - C(K) < ■j, 
we can set C(K) = r - y  where r is a random number in the normal range 
0 - r < 1. By evaluating the above equation, we obtain
Given the magnitude of K, we may determine the x, y and z components as 
(see Figure 2.7)
| KJ = I K| sin 0 cos <j> (2.25a)
1 K = K sin 0 sin <j>I y\ I (2.25b)
= Kl cos 0 (2.25c)
where 0 is the angle between |k| and the z-axis and <(> is the variation of | K |
about the z-axis and measured anti-clockwise from the x-axis. 0 and <j> are
Having set up these initial conditions, the main calculating step can
be carried out. This step is divided into two main stages. The first is the
solution of Poisson’s equation and the second is particle acceleration and
scattering. In order to solve Poisson’s equation (2.15), it is important to
know the charge distribution throughout the device. Several ways of
computing this have been proposed[28], but the method used in our model is
the Nearest Grid Point method[40] in which the total charge in the mesh
cell is assigned to the mid-point of the cell. As the charge distribution
is determined, the potential at each mesh cell is then calculated from the
Poisson's equation solver P0T4, and then one is able to calculate both of the
field components F~ and F from equations (2.21a) and (2.21b). The abovex y
generated from the random number r as 0 = cos”*(r) and <J> = 27rr. Each
particle is then released with an energy E which
relationship for non-parabolic valleys,
(2.26)
evaluations of the potential and fields over.the device occurs at each time 
step AT. During each step, these fields will accelerate each individual 
particle for a time duration 6t until it scattered. This duration between 
scattering, known as free flight, is selected from a suitably distributed 
set of random numbers. Warriner[41] has discussed in detail the rules of 
selecting 6t.
At the end of the free flight, the particles will be scattered by one 
of the several scattering mechanisms given in Section 2.2. The actual 
scattering that a particle of energy E is going to undergo is chosen by means 
of a random number, r, uniformly distributed between o and where A^ is 
the sum of all scattering rates at valley i:
XT = 2 XJ1 J=1 J
That scattering mechanism number k is chosen when
Zk A* < r < Ek+1 A* 
J»1 J J=1 J
After each scattering process, the particle’s energy will be modified to E 
CXS discussed in Section 2.2. From this new particle energy, it is then 
possible to calculate the new value of the wave vector|K^|as
| H = | -  (2m*E'(l+aE'))5
The angle between the old and new wave vectors and the components of the new 
vector for the particle are then obtained according to the selected scattering 
process[31,35].
However, just after the scattering event, the motion of a particle in 
the direction of the total field F is governed by the equation
where is the component of the wave vector in the direction of F and is 
given
K = / K2 + K2 (2.27]p 'X y
The corresponding distance travelled in this direction, d^ is then given as
dP = s- " I F dt (2-28)
r p
If, at the end of the scattering event, the particle has a wave vector whose 
parallel component to F is K ., then the new wave vector K f is^pi pi
K - = K . + §2. fit (2.29)-pf -pi n
and by using equation (2.26) in (2.28), the particle will move a distance of
d = 1 [(Y2 + K2 )J - (y2 + K2 )h (2.30)
p pf pl
where
2 m* * Y2
y = ~ 2  KZ2 an Z
The z-component of the K-vector K is kept constant during the flight period 
since the z-component of the field is zero. The distances that the electrons 
moved in the x- and y-directions are then given as
d" = d cos ft 
x p
(2.31a)
d = d sin ft 
Y P
(2.31b)
where ft is the angle between the total and the x-component of the electric 
field, i.e.
It should be noticed that the effective mass of the particle m and the 
non-parabolicity factor a in the above equations must be chosen in accordance 
to the valley in which the particle will experience the acceleration and 
scattering.
It is possible, however, that a particle is accelerated and scattered 
more than once during the time step. If the sum of the free flights in one
time step exceeds AT, we must curtail the last free flight at the end of the
time step, remembering how much of that last flight left. Then during the
next time step, after obtaining the new electric field components, we may
use the rest of the last free flight for that particle using the new fields. 
This implies that the time step must be chosen so short that only a few 
free flights take place during the step so that very few particles will cross 
the boundaries between the mesh cells. According to Reiser[26], AT must be 
equal to
AT = min (Ax,Ay)/v
where .Ax and. Ay are the mesh spacings in the x- and y-directions respctively 
and v is the average velocity of the particles. Other effects such as 
numerical stability[28] must be also imposed on the choice of AT. In our
ft = cos-'*' =£■ (2.31c)
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model, a time step of 0.5 x 10 second was taken with experiments with 
AT of 10-^  second were made to ensure that the former step is good enough 
to minimize instabilities.
The calculation loop discussed above must be repeated iteratively 
for many time steps until the steady-state flow of particles is reached.
This is judged simply by having a continuous current in the x-axis as 
discussed earlier in Section 2.3.3, and is usually established when the 
average number of particles leaving the source equals the average number of 
particles entering the drain.
2.5. Small Signal and Noise Parameters in MESFET
In order to analyze MESFET1s performance, it is necessary to estimate 
the important parameters which determine the response of this device. To do 
so, one must make use of the so-called equivalent circuit of the MESFET.
In this section, we will consider the simplified equivalent circuit that is 
shown in Figure 2.8. Only the intrinsic elements of the MESFET are included 
since the extrinsic elements, such as the stray capacitances, bonding 
reactances, source and drain contact resistances, and the gate metallization 
resistance, are excluded from the computer simulations. The effect of 
these extrinsic elements on MESFET1s performance can be estimated afterwards[42] 
It is realized that the FET can be simply represented in terms of four 
y-parameters which are connected as shown in Figure 2.9. The current at the 
input port, between the source and gate, and the current at the output port, 
between the gate and drain, are related to the voltages at these ports by the 
following matrix:
where v^(w) and are the amplitudes of small sinusoidal variations
of frequency w about the normal operating point at the input and output 
ports respectively, i^(w) and i2(w) are the amplitudes of the small 
sinusoidal current responses at the input and output ports respectively. 
Since we usually keep the source at zero volts, then v^ is for the 
variation in gate voltage and is for the variation in drain voltage. 
However, to measure a certain y-parameter at a frequency w, y (w),
pq
one should keep all voltages constant except that at port q and measure the 
response of the current at port p to a step in v , then
i (w)
y (w) = S.v— . 
pq v fw)
ip(w) and v^(w) are obtained by the Fourier transformation of the response 
in ^  and the voltage step v . This process must be repeated for all four 
y-parameters and then from their values, the elements of the equivalent 
circuit can be determined. The equations relating the y-parameters and 
these elements are given as[42]:
A n  + A x (R + R.)
* 1 1 - — ---- D ----   <2-33>
A.„ - A x R
*12 "--------D----- 1  C2 ’34>
A_, - A x R
*21 = D 1 C2-35^
A , + A x (R + R.)
*22 = -----15— 2-----  (2'36)
where
Cgg is the source-gate capacitance, is the gate-drain capacitance, g^ 
and gQ are the transconductance and output conductance, is the channel 
resistance, Rg and R^ are the source and drain parasitic resistances, and 
tq is electron transit time under the gate.
The above equations are rather complicated mainly because of the 
inclusion of the source and drain parasitic resistances in these equations 
and accordingly the determination of the values of the equivalent circuit 
elements requires a difficult fitting technique. It is possible, however, 
to determine some of these elements directly from the simulation results. 
These elements are:
1. The trans conductance, g , which correspond to y91 at zero frequency,
m  z  jl
can be determined from the static I-V characteristics as
A I
gm “ A V
DS
GS
Vpg = constant
(2.37)
2. The output conductance gQ, which correspond to y ^  at zero frequency, 
can be determined also from the static I-V characteristics as
AI
go = AV
DS
DS Vqs " constant
(2.38)
3. The source-gate capacitance Cg^ and the gate drain capacitance Cgp are 
determined from the charge distribution in the device as
JSG
=
A V,GS Vpg = constant
(2.39)
and
A Q
GD A V.DS Vqs = constant
(2.40)
where Q is the net space charge within the device and is given as
a L
Q = q z / f (NDi - n) dx dy
o o
(2.41)
z is the device width, a is the total thickness of the device including the 
active layer thickness d, L is the total length of the device, and is the 
doping density of the region i.
From the knowledge of the above elements, one can determine the values of 
the other elements of the equivalent circuit as well as the electron transit
time by using a simple fitting procedure in which we make use of the real
and imaginary parts of the y-parameters.
Once all the elements of the equivalent circuit are known, the
performance of the MESFET can be fully characterised in terms of the
following critical factors: the unilateral gain U, the maximum frequency of
oscillation f , and the minimum noise factor NF . . The unilateral gain max nun
is defined as[43]:
„ .  h i  ~ yd  2__________________
4{Re(yu ) Re(y22) - Re(y12) Re(y2i ^
Putting equations (2.33) - (2.36) into the above equation, one obtains
f2
U = ______________ 1. .  ______  (2.42)
4f2(g0CRs ♦ ♦ Rg) + 2*fT Rg C j
where f is the frequency of interest and f^, is the frequency at unity current 
gain and is usually given as
£t 1 ?„rr + r i <~2 A 3 '>T 2ir(GSG CGD)
R is the gate metallization resistance which is distributed along the width
of the gate. This resistance will be used in equation (2.42), even it was
excluded in y-parameters calculations, since it has a major effect on the
magnitude of the denominator of this equation. A typical value of 2 ft
assigned to R in our calculations[42]. The maximum frequency of oscillation 
&
at which U has unity gain is written as
fT
f_  ------------------  :----— -- (2.44)
maX 2 /g (R + R. + R ) + 2 irf_ R Crn  ^s i gJ T g GD
However, the noise in any semiconductor device is caused by fluctuations 
in the output current about its mean value that arise from the motions and 
scatterings of the particles. Therefore, the Monte Carlo model described 
in the previous section is suited for noise investigations since all the 
physical processes that cause the noise in a device are present in the 
simulation. The noise generated by the device is usually measured in terms 
of the noise figure NF which is defined as
_ Signal to noise ratio in 
Signal to noise ratio out
= irL * (2*45)OUT 1nIN
where S and N are the signal and noise powers respectively, the input is at 
the gate, and the output is at the drain.
In order to determine these power components, we should know that the 
total current at an electrode is divided into three parts. The first, I, 
is the mean current due to the steady bias voltage. The second, i(w), is a 
sinusoidal current at frequency w, and the third, <5i(t) is a random current 
fluctuation due to the discrete nature of the electronic charge which we 
call the noise. The time averages of the signal and noise currents are zero 
The total power due to these currents can be also divided into three 
parts. The first is the power dissipation due to the bias current and is
proportional to 11 | . The second is the signal power and is proportional to
2 2 <i(w)> , and the third is the noise power and is proportional to <<5i > .
By substituting the power terms in equation (2.45), we obtain:
The first term in the above equation relates to the signal currents at 
the gate and drain and may be obtained from the calculated y-parameters. 
However, it appears from the above equation that to obtain a minimum noise
figure, ip(w) must be at a maximum value which is achieved when the output
is short-circuited to signal voltages (v^ = 0) . We then obtain from 
equation (2.32)
iG(w) = i1W  = yu  v 1
iD(w) = i2M  = y21 v2
The minimum noise figure can then be written as:
l^lll2 <6iD>
NFmin ■ r V  * T T  (2‘47^
1*211 <6V
The second factor in equations (2.46) and (2.47) gives the ratio of the mean- 
square current fluctuations at the drain to those at the gate. These two 
currents can be calculated during a steady-flow computer rim at the normal 
operating voltages[28].
Table 2.1. GaAs Material Parameters
A. Valley-independent parameters 
Parameter Value
Lattice constant 5.642°A
Density 5.36 x 103Kg/m3
Piezoelectric constant 0.16C/m2
Longitudinal optical phonon energy 0.03536 eV
Sound velocity
3
5.24 x 10 m/sec
High frequency dielectric constant 10.92
Low frequency dielectric constant 12.9
B. Valley-dependent parameters
Parameter r L X
Acoustic deformation potential (eV) 7 9.2 9.27
Optical deformation potential (eV/m) 0 3xl010 0
Optical phonon energy (eV) 0.0343
Effective mass (m*/mo) 0.063 0.2222 0.58
Non-parabolicity (eV~*) 0.61 0.461 0.204
Energy band gap (eV)
(relative to valence band)
1.439 1.769 1.961
Number of equivalent valleys 1 4 3
Intervalley deformation potential (eV/m)
from T to 0 1011 1011
from L to 1011 io11 5xl010
from X to 1011 5X1011 7X1011
Intervalley phonon energy (eV)
from T to 0 0.0278 0.0299
from L to 0.0278 0.029 0.0293
from X to 0.0299 0.0293 0.0299
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.Figure 2.1: Schematic diagram of GaAs band structure
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Figure 2.2: Dispersion curves for lattice vibrations
in semiconductors.
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Figure 2.3a. Scattering rates of electrons in the r-valley of 
GaAs as a function of energy at 300°K.
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Figure 2.3b. Scattering rates of electrons in the L-valley of 
GaAs as a function of energy at 300°K.
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Figure 2.4: The variation of the average electron energy E,
the satellite valleys population ratio r, and the 
equilibrium velocity v with electric field F in 
GaAs at 300°K.
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Figure 2.5: The MESFET structure used in the two-dimensional 
simulation models.
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Figure 2.6: The sign convention used in the 
simulations.
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Figure 2.7: Polar coordinates for the electron wave 
vector K.
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Figure 2.9. Y-parameters equivalent circuit for 
the MESFET.
CHAPTER 3
PHYSICAL EXPLANATION OF GaAs MESFET I-V CHARACTERISTICS
3.1. Introduction
Many two-dimensional numerical simulations of GaAs MESFET’s have been
presented corresponding to different dimensions and a range of doping
densities[6-11,21]. It has been shown that in the absence of any substrate
or buffer layer, the MESFET structure can operate in either the normal FET
mode or in the stable negative resistance mode[6-ll,21]. It has been
realized that the device dimensions play an important role in determining
which mode occurs but no physical explanation has yet been given. In
simulations including the effect of substrate or buffer layer, only the
normal FET mode has been observed[8,9]. This has been attributed to the
effect of the carriers being injected into the substrate but again no
convincing detailed physical explanation has been offered.
In order to investigate the conditions for the existence of these
different modes of operation, this chapter is devoted to discuss the
results obtained from the two-dimensional computer simulations of GaAs MESFET'
1 7 - 3with a doping density of 10 cm . Predictions of device behaviour based 
upon the diffusion model are discussed and compared with those derived from 
the more exact Monte Carlo model.
The rest of this chapter is divided into four sections. In sections 
3.2 and 3.3, the operation of both the unsubstrated and substrated GaAs 
MESFET's is discussed respectively. Section 3.4 gives a comparison between 
our results with some published experimental results, and section 3.5 is for 
conclusion.
3.2. The Operation of Unsubstrated GaAs MESFETs-
One micrometer gate length GaAs MESFETs without a substrate were
numerically analyzed using the two models mentioned earlier. The details 
of these devices are given in Table 3.1. First, we will start with the 
results of the diffusion model, the GaAs material parameters used in this 
model are listed in Table 3.2.
The predicted current-voltage characteristics and the mobile carrier 
distribution of these devices are illustrated in Figures 3.1 and 3.2 
respectively. It is clear from Figure 3.1 that device A, with epilayer 
thickness of 0.2ym, exhibits a negative resistance at zero and -0.5V gate 
bias, while device B, with 0.16ym epilayer thickness, does not. It is not 
unexpected that some degree of current dropback should be observed in 
GaAs FET's I-V characteristics. As the drain-source voltage V^g is 
increased, the longitudinal electric field F^ in the narrowing channel 
increases until at some point, near the drain end of the gate, it reaches 
the threshold value F^. Any further increase in V^g increases the 
longitudinal field above the threshold value and causes a decrease in the 
longitudinal drift velocity v as illustrated in Figure 3.3 which shows
X
the distribution of F and v along the bottom surface of the channel ofX X
device A at = IV and V,™ = OV. As a result of this decrease in v ,
Do uo X
electron accumulation will occur as shown in Figures 3.2a and 3.2b but 
this accumulation, in its turn, will lead to an enhancement of the 
longitudinal field and further drop-back in v . This accumulation is often,
X
but not necessarily, accompanied by significant depletion resulting in a 
stationary dipole domain as shown in Figure 3.2b. Whether or not this 
process, which continues to develop as V^g is increased, leads to a 
decrease in the total current with increasing V^g depends on the total 
voltage developed across the charge domain. If the increase in the domain 
voltage is greater than the increase in V^g, then the longitudinal field in 
the relatively uniform region between the source and gate must decrease 
and the total current through the device decreases, while if the increase in
the domain voltage is less than the increase in VDg, the toal current
will increase with V^. The corresponding variations of F , the maximumDS max
longitudinal field within the domain, and Fout> the relatively uniform
electric field in the source-gate region are plotted for device A as
functions of V^g in Figure 3.4. This figure shows clearly the rapid
increase in F due to charge accumulation once F., has been reached, max & th
together with a slight decrease in FQut mirroring the current dropback seen
earlier in Figure 3.1a. The preceding explanation for current dropback
characteristics shown by device A has followed conventional arguments
appropriate to any material which exhibits negative differential mobility
in the velocity-electric field characteristic[44]. However, the continuously
increasing I-V characteristics of device B together with the lack of carrier
accumulation in this device are the more unexpected results, and it is
these which really need to be explained. These conditions will be discussed
in terms of the velocity rotating vector concept of Yamaguchi and Kodera[45].
To do so, let us consider an electron somewhere under the gate where
the electric field components F and F have the values F and Fr x y xo yo
2 2 2respectively, and F = F + F The relation between v(F ) and F r J * o xo yo K o J o
follows equation (2.23) and is shown in Figure 3.5. The corresponding drift
velocity of the electron in the x-direction is given by equation (2.19) as
v = v ( F ) x F  / F .  The question which has to be answered then is how xo v o' xo o n
the velocity v ^ Q changes when Fxq is increased. On one hand the velocity
vector rotates in a way to increase v while on the other hand if the totalJ xo
field Fq is greater than threshold, the amplitude of the velocity vector 
decreases because of the velocity dropback due to the negative differential 
mobility. The relative importance of these two opposing factors can be 
obtained directly from equation (2.19) by determining the change of the 
longitudinal velocity 5vxq brought about by the change in the longitudinal 
field 6Fxq and is given by
„  F F' _ .3.(v(F.-))
5vxo = M F 0) X. g | ^  (J2.) ♦ X - g p A - ]  6Fx
XO o o xo
(3.1)
After carrying out the differentiation for the terms on the right hand side 
of the above equation, one will get the following:
F2 v(F ) : F2 3(v(F ))
«vxo = [-§- x - J-----♦ -J- x - j p-- ] «Fx0 (3.2)
F o F oo o
The first term on the right hand side of the above equation determines
the contribution assocaited with the rotation of the velocity vector and can
be expressed simply in terms of the average mobility y given asa
v(F )
The second term, however, expresses the contribution associated with 
the change in v ^ and can be expressed in terms of the negative differential 
mobility -yn given as
d(v(FJ)
-Wn = ~~STf”-
Then, equation (3.2) leads to
F2 F2
6v = x y  x u ] 6Fxo L„2 ^a „2 *nJ xo F Fo o
Thus the longitudinal drift velocity v xq will decrease for an increase in
2 2 2 2F if y F <11 F„. but will continue to increase if y F > y F .xo a yo n xo ’ ra yo n xo
To emphasize the significance of the above results, Figure 3.6 shows 
the variation of v' against F" at different values of y under the gate of
X X
device A. At each value of y the different electric fields correspond to 
particular values of V^g. The corresponding variation of the transverse 
field F along the y-direction of this device is shown in Figure 3.7.at
V-„ = IV and V nc = OV. From these figures one can.see that near the 
Do bo
bottom surface, where F is effectively very small, the longitudinal 
velocity will drop back as F" exceeds the threshold, while for larger y, 
where F is significant due to carrier depletion, the dropback in v^ is 
suppressed.
However, the total current in MESFETs consists of both the drift and 
the diffusion current densities as was indicated in section 2.3, but since 
the diffusion coefficient will be very small at high electric fields as 
indicated by equation (2.24), the contribution of the diffusion current, 
which does not exceed the 10% mark of the total current, may be neglected 
and then we will consider only the drift component. Therefore, the I-V 
characteristic will be dependent only on the longitudinal drift velocity 
and the mobile carrier density associated with it. One of the features 
of FETs which is brought out by the two dimensional computing analysis is 
that on the scale of the transverse dimensions of the device, the transition 
from the fully depleted to the undepleted channel region is relatively 
gradual. As an example, the change from 10% to 90% of occupies a region 
of about 5 extrinsic Debye lengths (i.e., *  0.055pm) which is a significant 
fraction of the device thickness, and it is this that leads to the very 
different physical situations in devices A and B. Figure 3.2a shows that 
device A has a conducting channel of about 0.05 microns thickness in which 
the carrier density is greater than 90% of Np. This is also shown in Figure 
3.7 where the variation of the carrier density under the gate is plotted 
with y at V^g - IV and V^g = OV. Within this channel, the transverse 
electric field is negligible and hence the carriers will undergo a velocity 
decrease as F^ exceeds threshold, This negligible transverse field across 
the channel will lead to a negligible transverse current density as 
indicated by equation (2.17) and as a result of this, some degree of 
carrier accumulation is formed to satisfy the continuity equation. Moreover,
it is clear from Figure 3.7 that in this device only a.relatively small 
proportion of the carriers are in significant F fields and hence the 
resultant I-V characteristic exhibits the current drop and associated 
negative resistance.
When the gate voltage is increased to -0.5V, the thickness of the 
channel is reduced and a larger proportion of the carriers are affected 
by the large transverse electric fields but, however, there is still just 
sufficient number of carriers in the channel to cause a slight current 
dropback in the I-V characteristics as shown in Figure 3.1a.
The corresponding figures for device B show a very different state of 
affairs. It is well known that for a given electrode bias the depletion 
region thickness and therefore considerable carrier depletion occurs near 
the bottom surface of the thinner device as shown in Figure 3.2c. Although 
one might consider the much narrower region where the carrier density is 
greater than 90% of as an effective channel, the majority of the mobile 
carriers under the gate are in fact in the partially depleted region as 
shown in Figure 3.8 where the variations of the transverse field and the 
carrier density under the gate of this device are plotted against y at 
Vpg = IV and Vgg = OV. This figure also shows that it is only very close to 
the bottom surface that the carriers will experience insignificant 
transverse fields and then v will decrease as F exceeds the threshold.X X
The majority of the carriers are in high transverse fields so v^ does not 
decrease for F^ > F ^  and therefore the I-V characteristics of Figure 3.1b 
maintains a positive conductance. This is similar to the situation in 
which a large negative bias is applied to the gate of device A.
It is obvious that the results discussed above arrive from situations
which depend upon the assumption that v^ is simply the longitudinal component
of the total velocity which adjusts instantaneously to the total electric
field, and when the magnitude of any of the field components, F" and F ,x y
is above threshold the electrons are effectively transferred immediately 
into the satellite valley. Recently, Deblock et al.[46] and Maxfield et al.[47] 
have applied a simple Monte Carlo model to structures with two-dimensional 
field distribution to estimate the influence of the transverse field on the 
electron transport properties. Their results show some physical character­
istics that differ significantly from those of the diffusion model 
especially in regions of large transverse fields, i.e. the depletion region 
of the MESFET. To investigate this situation in more detail, we have used 
the two-dimensional Monte Carlo model to simulate both of devices A and B.
The GaAs material parameters used in these calculations are listed in
Table 2.1. The predicted I-V characteristics of these devices are illustrated
in Figure 3.9.
Although this figure shows that these devices will experience the very 
similar operational modes that they have experienced in the result of the 
diffusion mo.del, the Monte Carlo calculation presents two important modification* 
to the conduction process derived from the diffusion model. The first 
modification concerns the carrier transport along the x-direction and 
leading possibly to velocity overshoot which is discussed in the next 
chapter, and the second, which is discussed below, is on the dependence of 
v upon F and F . Figure 3.10 shows the steady-state variation of v with
a  a  y X
F^ as a function of the transverse position y under the gate of device A 
for different values of Vjjg. The corresponding variations of F , the total 
electron density nt and the electron density in the satellite valleys ng 
along the y-direction of this device are shown in Figure 3.11 for V^g = IV 
and VGS = OV.
It is well recognized that the electrons, anywhere in the MESFET, will 
be subjected to both F^ and F and accelerated in the direction of their 
resultant field F. However, the electrons residing very close to the gate 
have very small kinetic energy since F' is too small in this region as
shown in Figure 3.12 where the variations of v' and F". under the gate
X X
are plotted against y for device A at V^g - IV and V^g = OV. This small 
longitudinal field is a consequence of the constant potential boundary 
condition at the gate electrode which results in a zero longitudinal field 
along the gate. This situation makes the electrons to gain potential 
energy at the expense of kinetic energy so they will tend to reside in the 
central r valley with negligible velocities in both directions. When the 
electrons move away from the gate, their potential energy decreases and is 
converted into kinetic energy. If this kinetic energy is less than AE^, 
the energy gap between the r and L valleys minima, the electrons will be 
accelerated in the r-valley with a very small probability of being transferred 
into the L-valley until they have acquired the AE^ energy mainly from the 
F field. It is shown in Figure 3.11 that F^ is very high, i.e. * 150 KV/cm, 
in regions adjacent to the gate electrode, and for AE^ o f 0.33 eV, the 
electrons have to travel a distance 1^ , of about 0.03 ym, from the gate 
before being scattered into the L-valley. Within this region, 0.17 - y < 0.2ym, 
the electrons will experience energies less than AE^ as illustrated in 
Figure 3.13 where the variations of the average electron energy E and the 
population ratio of the carriers in the satellite valleys (ng/nt) are plotted 
against y for device A at VDg = IV and VGg = OV. Consequently, the value of 
v^ will increase continuously in this region since F^ increases away from 
the gate electrode as shown in Figure 3.12. Furthermore, at any y-position 
within the 1 region, v will also increase with the increase in F that isu X X
caused by rising Vnc, but v will again show a drop-back as F exceeds
Do X X
threshold as shown in Figure 3.10 for y = 0.175ym. Similar behaviour was 
also shown in [47].
However, as the electrons move away from this region, they will gain 
more kinetic energy from F as shown in Figure 3.13 and then be scattered 
into the satellite valleys. This will result in the increase of the
number as well as the population ratio of the electrons occupying the 
satellite valleys as shown in Figures 3.11 and 3,13 respectively for 
y < 0.17ym. Consequently, the longitudinal velocity v' will decrease
as shown in Figure 3.12 due to the electron transfer into the satellite
valleys and this causes the suppression of the dropback in v^ when F^ > F ^
as shown in Figure 3.10 for y = 0.1375ym which is in accordance with our
discussions on the velocity rotating vector concept. This behaviour will 
continue as the electrons gain more energy from F until a point yQ, at 
about 0.1125ym from the bottom surface, is reached where the average 
electron energy E and the satellite valleys population ratio are at their 
maximum and the corresponding velocity v^ is at its minimum as shown in 
their respective figures. Beyond yQ, Figure 3.12 shows that v^ will increase 
again unlike the conditions presented by Deblock et al.[46] and Maxfield 
et al.[47] which show that v^ will decrease continuously to a minimum at the 
bottom surface of their structures.
To explain the discrepancy between our and the above mentioned 
conditions, it is necessary to realise that the total electron density 
at any point in the MESFET is the sum of the densities of the different 
electrons which arrive at that point along either the y-, x- or both 
directions. This condition will make the average electron energy at that 
point to depend entirely on the energies gained by these individual 
electrons as they are accelerated by the field components. We have already 
seen that all the electrons for y - yQ are affected mainly by F^, although 
these electrons will gain some energy from F^ as illustrated in the v^ - F^ 
curves in Figure 3.10 for y = 0.175ym, 0.135ym, and 0.1125vim. However, if 
we look at the values of vY and the satellite valleys-population ratio at
A
the bottom surface, y = o, in Figures 3.12 and 3.13 respectively, it is 
clear that these vallues are approximately the same as those of the bulk 
properties in GaAs which are shown in Figure 2.4 for the same value of 
F^ at y = o in Figure 3.12. This simply means that most of the electrons
at this position have gained their energy only from F" and consequently 
the v - F“ relation at y = o in Figure 3.10 will be approximately similar
X X
to the conventional velocity-field characteristics of GaAs shown in 
Figure 2.4. This condition is attributed to the fact that since F decreases 
away from the gate electrode by the decrease in the density of the depleted 
carriers as shown in Figure 3.11, electron acceleration in the y-direction, 
which is influenced by the magnitude of F^ ., will also decrease by the 
decrease in F . As these electrons reach a position of negligible F , 
i.e. the conducting channel in which the electron density is greater than 
90% of ND as shown in Figure 3.11, the acceleration in the y-direction will 
dramatically decrease and results then in the small influence of F on 
electron conduction at y = o.
Similar situations will also take place for y < y . Although the 
electrons moving all the way from the regions near the gate will continue 
to gain energy from F as they proceed towards the bottom surface, the 
ratio of this field to the total field F will decrease for y < y as shownJ J o
in Figure 3.13 due to the decrease of F to small values in this region.
This condition makes F^ to have a less effect on electron acceleration in
the y-direction for y < yQ and as the ratio of F^/F decreases further this
effect will also decrease and then makes F to be more effective on electronx
conduction. As a result of this, there is a smaller probability of finding 
electrons, with energy continuously gained from F , in regions near the 
bottom surface than that near to yQ and since the electron density increases 
towards the bottom surface, the number of electrons that their energy is 
mainly gained from Fx will increase in this direction. If we relate the 
values of F^ in this region (see Figure 3.12) to the average energy-electric 
field curve in Figure 2.4, one will realise that even F is above thresholdX
everywhere in this region, the energy gained from these F^ fields is much 
less than that experienced by the electrons from F at y = yQ . Since the
average energy E at any point is related to the energy of each
individual electron at that point, and since the number of the low
energy electrons, i.e. those accelerated mainly by F , increases towards
the bottom surface, the average energy will also decrease in this
direction as shown in Figure 3.13. This decrease in E is behind both of
the decrease in the satellite valleys population ratio as shown in
Figure 3.13 and to the increase of v‘ with the decrease of F as shown inx y
Figures 3.10 and 3.12 which corresponds to the situation derived from the
diffusion model results where the classical drift velocity equation (2.19)
was applied. This decrease in F will also affect the variation of vy x
with F^ at different y-positions in a fashion similar to the diffusion
model results. From Figures 3.10 and 3.11 one can see that near the
conducting channel, where the effect of F is negligible, v will experiencey x
the dropback as F^ exceeds the threshold while at larger y-positions,
where F is significant, the dropback in v is suppressed. As the majority y x
of the electrons in Figure 3.11 are in low F^ ., they will exhibit the 
velocity dropback characteristic and then a negative resistance region will 
be observed in the I-V characteristics of this device as Shown in Figure 
3.9a.
However, if we now consider the situations in References [46] and [47], 
it is clear that the electrons in these structures will experience large 
values of F even at y-positions very close to the bottom surface. 
Consequently, electron acceleration will continue along the y-direction so 
that their average energy will increase and results in the decrease of v
A
up to the bottom surface. The value of F^ near to the bottom surface of 
the MESFET can also be made higher than that in Figure 3.1a by either 
increasing the gate bias of device A or decreasing the active layer 
thickness since both conditions will reduce the conducting channel thickness 
as was explained earlier.
We will consider here the latter case which is related to the situations
in device B. Figure 3.14 shows the variations of F and n along they t
y-direction of this device at V^g = IV and V^g = OV, while Figure 3.15 shows 
the corresponding variations of v~ and F" with y. It is obvious from
X X
Figure 3.14 that decreasing the active layer thickness causes the majority 
of the electrons to experiences high transverse fields where the dropback 
in v with F" is suppressed and therefore device B will show a positive
X X
conductance in its I-V characteristics of Figure 3.9b. Moreover, although 
electron conduction near the gate region does not differ from that in 
device A, Figure 3.15 shows that the region where v is decreasing when
X
the electrons gain energy from F^ during their acceleration along the
y-direction is slightly thicker than that in device A. This situation
results, from the slightly higher values of F in this device which, in
turn results in accelerating high energy electrons towards the bottom
surface and Causes v^ to have there a value less than that corresponds to
the bulk velocity-field characteristics of GaAs (see Figure 2.4) for the
same value of F at y = o. However, as F is not significantly high near x y
the bottom surface, the number of the high energy electrons that reach 
this surface will be only a few of the total number of electrons at this 
point and therefore, v^ will show again an increase for y < yQ according 
to our earlier discussions.
3.3. The Operation of Substrated GaAs MESFETs
In all practical MESFETs, the active layer is grown epitaxially on 
a substrate. Bearing in mind that the substrate may be either semi-insulating 
n-type or p-type, uniform or non-uniform, pure or compensated, biased or 
unbiased, it is clear that the range of options is immense and the effects 
are likely to be many and varied. A full account of these effects is given
in chapter 5, but it is appropriate in this , section to.demonstrate how
the substrate affects MESFET’s operation. We will consider here the
simulations by using the Monte Carlo model for the active layer of device A
14 -3on the top of a uniformly doped uncompensated 10 cm n-type GaAs 
substrate of 2ym thickness and with the properties in Table 2.1. This 
type of substrate is usually known as a buffer layer due to its low total 
impurity content.
The predicted I^ -V characteristics of this device is illustrated in. 
Figure 3.16a and it is clear there that the negative resistance exhibited 
by device A is suppressed in this device. To explain this behaviour, it is 
worth first noticing that in this simulation the lower surface of the active 
layer becomes the interface with the substrate and acts as a high-low 
junction in which a substantial fraction of the electrons flow from the 
highly doped active layer into the low-doped substrate as shown in 
Figure 3.17 where the variation of the mobile carrier density is given as 
a function of y at VDg = IV and Vgg = OV.
However, electron acceleration in this structure is determined by 
the longitudinal field F^ as well as the two transverse fields, the field 
opposing the electron diffusion across the high-low junction and the field 
set up by the gate electrode. The distribution of the resulting transverse 
field along the y-direction is also shown in Figure 3.17. The condition 
of the electrons experiencing the gate field in the active layer is similar 
to that in device A as shown in Figure 3.18 where the variation of v with F
X X
as a function of y is given for different values of V^c at Vnc = OV. It is
Do bo
clear in this figure that the only difference established in this device 
will concern the effect of the interfacial transverse field on the 
behaviour of electrons along the interface. It can be seen from Figure 3.17 
that even though the magnitude of this field is not very high, a large
proportion of the electrons across the interface are in a situation
where this field is enough to suppress the velocity dropback in the
V  - F" characteristics that was observed at the channel of device A. x x
Consequently, this makes the majority of the electrons experience this 
behaviour, and then results in a positive conductance in the I-V 
characteristics of this structure as shown in Figure 3.16a.
The diffusion of electrons into the substrate will also lead to the 
reduction of the current in the active layer. This decrease in the 
channel current will be compensated by the current which flows in the 
parallel path through the substrate. Details of the substrate current 
in this device are shown in Figure 3.16b which shows that more than 30% 
ot the total drain current flows through the substrate. This may vary from 
one structure to another depending on the substrate condition such as 
its mobility and doping.
However, it should be noticed that the I-V characteristics of 
substrated MESFET may also exhibit negative resistance regions if the active 
layer is thick enough to allow a wide channel, with a negligible transverse 
field, to exist. This situation is well illustrated in Figure 3.19 which 
shows the I-V characteristics of a GaAs MESFET with device parameters 
similar to those of the previous substrated MESFET except that the active 
layer is 0.25ym. The corresponding variations of mobile carrier density 
and the transverse field along the y-direction of this device are shown in 
Figure 3.20 for V^g = IV and Vgg = OV. It is clear in Figure 3.20 that 
although a high-low junction will be formed in this device and thereby 
create a high transverse fields across this junction, there is a sufficient 
width in the active layer to allow a channel to exist between this 
junction and the depletion region under the gate. Since the transverse 
field in this channel is negligible, the electrons in this channel will
then experience the usual velocity dropback in the v^ - F^ characteristics 
and since the majority of the electrons are in the channel as shown in 
Figure 3.20, the I-V characteristics of this device will exhibit the 
current dropback property as shown in Figure 3.19.
However, the ratio of the peak current to the saturation current 
for the negative resistance regions in the I-V characteristics of substrated 
MESFETs that exhibit the current dropback or the absence of this dropback 
in the I-V characteristics of substrated MESFETs with thick active layers 
are dependent on the substrate properties and its effects on the active 
layer properties. A detailed discussion on this matter will be given in 
chapter 5.
3.4. Comparison with Experimental Results
The results presented in this chapter provide consistent interpretation
of existing published experimental results which include some I-V
characteristics with current dropback and others with no current dropback.
Engelmann and Liechti[48] discuss experimental results from a lym gate
GaAs MESFET with an active layer of 0.158ym thickness and doping density of 
17 -31.1 x 10 cm . These authors suggest that the difference between the 
monotonically increasing I-V characteristic that they measure and the 
dropback characteristic that they expected is caused by the current 
through the substrate. Their device corresponds to our device B but with 
a substrate. It is clear from Figure 3.14 that the carriers would diffuse 
out of the active layer into the substrate and produce a carrier 
distribution similar to that in Figure 3.17 and other properties associated 
with our substrated devices. The corresponding I-V characteristics shown 
in Figure 3.16a with continuously increasing current is very similar to 
their experimental results.
Devices with active layers O.Sym or more thick, for example those 
discussed by Willing and de Santis[49] and Wang et al.[50] show a current 
dropback. Although carriers still diffuse from the active layer into the 
substrate and create a high field region at the active layer-substrate 
interface, there is sufficient width to allow a channel to exist, with 
negligible transverse electric field, between this and the high field 
depletion region under the gate. There is sufficient carriers in this channel, 
where the velocity-electric field characteristic shows the usual dropback 
appropriate to GaAs, that the I-V characteristic also exhibits current 
dropback.
3.5. Conclusion
The computer simulations described here have confirmed that GaAs 
MESFETs, made from a single suitably doped layer, can exhibit negative 
resistance properties in the I-V characteristics, but do not necessarily 
have to. The results have shown the negative resistance property can be 
suppressed by either sufficient reduction of the active layer thickness 
or by the addition of a relatively high-resistance substrate. The 
situation can be simply explained by the fact that if an electron moves in 
combined longitudinal and transverse fields, there is no velocity dropback 
in the longitudinal-velocity/longitudinal electric field relation provided 
that the transverse field is big enough. Although this situation appears 
in both of the results of the diffusion and the Monte Carlo models, we have 
to conclude here that using the diffusion model with classical electron 
velocity equations may lead to inadequate picture of the electron behaviour 
in MESFETs and therefore other models must be used for any further studies 
on this device.
Table 3.1. Parameters of the 1pm gate GaAs MESFETs with active layer
1 7 - 3doping density of 10 cm .
Parameter  Device A Device B
Built-in potential (V) 0.8 0.8
Active layer thickness (ym) 0.2 0.16
Source-gate separation (ym) 1 1
Gate-drain separation (yin) 1 1
Gate width (ym) 200 200
Table 3.2. GaAs parameters used in the diffusion model. 
Parameter  Value
Dielectric constant 12.9
2
Low-field mobility (cm /V.sec) 4500
Threshold field (KV/cm) 4
Saturation velocity (cm/sec) 10
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3.7: Variation of transverse field F and mobile carriers
y
n, as a function of y , at 0.75ym from source end of
gate for V^g =1V and V^g*oV for device A.
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Figure 3.9: Calculated I/V characteristics of the lym-gate
GaAs MHSFHT by using the Monte Carlo model.
(a) for device A; (b) for device B.
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3.11: Variation of transverse field F , total electron
y
density n^, and the satellite valley electron 
density ng, as a function of y, at 0.75ym from 
source end of gate for Vn =lV and V_ =oV for
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Figure 3.12: Variation of the longitudinal velocity v and
«* ^ 
the longitudinal field F , as a function of y, at
0.75vim from source end of gate for V^g=lV and
V„=oV for device A.
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Figure 3.13: Variation of the average electron energy E, the 
satellite valley population ratio r, and the 
ratio of to F, as a function of y, at 0.75ym 
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Figure 3.14: Variation of transverse field and
total electron density n^, as a function of 
y, at 0.75ym from source end of gate for 
device B at VDS=1V and V^s=oV.
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Figure 3.15: Variation of the longitudinal velocity v
and the longitudinal field F , as a function
of y, at 0.75ym from source end of gate for
device B at V.=1V and V„=oV.
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Figure 3.16: (a) The calculated I/V characteristics of the
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(b) Distribution of substrate current along x-axis 
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Figure 3.19: The calculated. I/V characteristics of the substrate
GaAs MESFET with a 0.25um active layer thickness.
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CHAPTER 4
GATE LENGTH EFFECT ON GaAs MESFET OPERATION
4.1. Introduction
It has been realised that reducing the gate length in GaAs MESFETs is 
the usual method for achieving high frequency operation and improving the 
device's performance. Using the existing technology, short gate GaAs MESFETs 
with useful gain and noise figure have already been prepared in many 
laboratories[51-55].
In 1972, Ruch[13] published the results of calculations which showed that thi 
electron drift velocity in GaAs could be substantially greater than the 
steady-state peak velocity if the longitudinal electric field in submicron 
gate FETs varied rapidly over very short distances. This effect, called 
"velocity overshoot" was studied further [14-20,24,25] since this new behaviour 
suggests that the performance of submicron gate FETs can be much better than 
had been expected.
Most of these models, however, have used the momentum and energy balance 
equations with either a field step in the channel and assuming one dimensional 
conduction[13-15] or a nonconsistent solution of the two-dimensional conduction 
in the device[16-20]. Both of these approaches will make it impossible to 
account for the effect of the transverse electric field which was discussed 
in the previous chapter, and then these approximations make it necessary to 
study the nature of existence of the velocity overshoot in MESFETs and its 
dependence on gate length as well as its effects on the device’s performance 
by using more realistic models.
This chapter will present the results of a detailed study of the gate
length effects on electron conduction in GaAs MESFETs by using the two-
dimensional Monte Carlo model. The diffusion model will not be considered
here because of its limitations discussed earlier. These simulations were
17 -3performed for MESFETs of a 0.2ym active layer thickness and 10 cm doping
density. Gates of 0.5vim and 0.25nm lengths were considered in addition 
to the 3pm gate device discussed in chapter 3. The other parameters of 
these devices are similar to those given in Tables 2.1 and 3.1.
The rest of this chapter is divided into four sections. Section 4.2 gives 
a qualitative explanation for the existence of velocity overshoot in GaAs. 
Section 4.3 discusses the effects of gate length on unsubstrated MESFET's 
operation and performance. Section 4.4 repeats section 4.3 but for substrated 
MESFETs and section 4.5 gives the conclusions. A comparison between our results 
and conclusions derived from published experimental results will be considered 
during the discussions.
4.2. Velocity Overshoot in GaAs
Figure 4.1 illustrates the time dependence of the electron velocity when 
constant electric fields are applied to electrons at cold start. These results 
are determined from our Monte Carlo . :calculati°ns the bulk properties in GaAs
It can be seen from this figure that the average electron velocity requires 
a certain time to settle down to its equilibrium value, and: if the applied field 
are in excess of the GaAs threshold (y4 KV/cm), electrons will be accelerated 
to velocities higher than their long-term steady-state values. This overshoot 
is a direct consequence of the difference between the effective energy and 
momentum relaxation times x^ and x^ respectively and can be explained as follows
If x in a semiconductor material is less than x_ when an electric field p E
is switched on, the momentum of the electrons will relax in a time shorter than 
that during which the electrons continue to be heated up. These electrons 
are accelerated only up to a drift velocity v^ given as
vi = % t an C4.i)
m F
where F is the applied field and E is the electron energy. At a time nearer 
to Tg when the electrons have been heated up to a new energy E* the drift 
velocity is given as
If Tp is a decreasing function of energy, one can say that the drift 
velocity will reach a steady-state value v^ lower than v^ that was reached 
before the electrons are heated and therefore, velocity overshoot has 
occured.
The absence of velocity overshoot in GaAs at electric fields below 
threshold that is shown in Figure 4.1 is attributed to the fact that 
electron conduction at these fields will only take place in the r-valley 
in which the dominant intrinsic scattering mechanism is due to the polar 
optical phonons as explained in chapter 2. The momentum of an electron 
scattered with a polar optic phonon is not completely randomized as with 
other phonons. Figure 4.2 shows the angular distribution function P(cos3) 
versus cosg for different electron energies in GaAs where 6 is the angle 
between the initial and final wave vectors. The angular distribution 
function, which assess the rate of momentum loss, is taken from [31]. This 
figure shows that as the electron energy increases, the distribution becomes 
more peaked in the forward direction and so more polar optic phonons collisions 
are required to randomize the momentum. Thus increases with the energy as 
shown in Figure 4.3 which gives the distribution of and te against energy 
for GaAs, and since must decrease with energy for the overshoot to occur, 
it is not surprising then that there is no velocity overshoot in GaAs below 
threshold.
On the other hand, as the overshoot takes place only at field above 
threshold, the transfer of electrons from the T-valley to the satellite 
valleys must be sufficient to produce this phenomena. Since all the 
electrons will occupy the V-valley at the moment when the field is applied, 
they will remain in this valley with light effective mass and be accelerated 
to high drift velocities. As these electrons will start to achieve energies 
in excess to the energy gap between the T- and the L-valleys electron 
transfer to the L-valley will take place as shown in Figure 4.4. which gives
the variation of the satellite valleys population ratio as a function of
time at electric fields of 5, 10, and 20 KV/cm. Since the number of
these transferred electrons increases with time as shown in this figure as
they gain more energy, the scattering rate of this mechanism will then
increase with energy as was shown in chapter 2. Consequently, the momentum
relaxation time x^ will decrease with energy as shown in Figure 4.3 since
electron scattering into the satellite valleys is the dominant scattering
mechanism at electric fields above threshold. This decrease in x and the
P
heavy effective masses that the electrons will experience in the satellite 
valleys will make the electrons to achieve velocities less than that achieved 
before their transfer into the satellite valleys and therefore velocity 
overshoot occurs.
However, as the applied field step is increased further above threshold, 
the electrons must achieve higher peak velocities at the beginning of their 
acceleration according to equation (4.1) and as shown in Figure 4.1. This 
situation will be accompanied by a decrease, in the transient duration over 
which velocity overshoot occurs as shown in Figures 4.1 and 4.4 because the 
energy relaxation time x^ decreases with increasing the energy as shown in 
Figure 4.3 as electrons reach energies where they can transfer into the 
satellite valleys faster at higher fields as shown in Figure 4.4.
4.3. Electron Conduction in Unsubstrated Short Gate GaAs MESFETs
It is clear from the observations seen in the previous section that 
if the active length of a GaAs device is short enough so that the electron 
transit time is less than the time taken for the electron velocity to settle 
down, the electrons will be in a non-stationary state for a considerable 
time after applying a large field step and it will then showrthe overshoot 
phenomenon.
Following this argument, it is expected that the electrons in short 
gate GaAs MESFETs will experience this behaviour. This is actually shown
in Figure 4.5 where the predicted distributions of the longitudinal drift
velocity v and the longitudinal electric field F' along the channel of the 
x *
three MESFETs are given at VDg = IV and Vgg = OV. It is obvious that v^
7
in these devices exceeds the peak steady-state value which is 1.45 x 10 cm/sec 
for the same GaAs material as shown in Figure 2.4. Velocity overshoot 
occurs in MESFETs despite the non-uniform distribution of F^ along the 
x-direction of this device. However, the degree of the velocity overshoot 
seems to be dependent entirely of the slope of F‘ along the channel. The
A
longitudinal fields in Figure 4.5 increases from sub-threshold in the 
uniform source-gate region to a peak above threshold near the drain end of 
the gate. Thus the slope of F^ depends on the gate length and it increases 
with decreasing the gate length as emphasized very clearly in Figure 4.6 
which shows the distribution of F along the channel under the gates of the
X
MESFETs used in this study. Since F^ «  F ^ in the source-gate region, all 
the electrons there must be occupying the T-valley and as they travel through 
the channel, they will feel the increase in F in the source-drain direction.
If F is increasing abruptly from sub-threshold to a high value above
X
threshold as in the 0.25ym gate FET, these electrons will immediately 
react to this change in F^ and according to Figure 4.1, they will relax for 
a short time in the T-valley and experience the overshoot phenomenon before 
gaining energy to be scattered up to the satellite valleys and resulting 
of the decrease in v as shown in Figure 4.5c. On the other hand, if FX X
is increasing to a high value with a less degree of abruptness as in the 
longer gate FETs, the electrons will spend more time during which they will 
continue to gain energy from F^. As these electrons still remaining in the 
T-valley before being subjected to high electric fields, they will have a 
chance to relax in this valley but for a shorter time than that in the 
abrupt change case since high energy electrons require shorter time to be 
accelerated into the satellite valleys. This shorter time makes the 
electrons to experience less velocity overshoot in the 0.5ym gate MESFET
as shown in Figure 4.5b and also a much less overshoot in the lym gate
device since electrons will spend much longer time with and acquire
more energy from it. This explanation will then lead to the absence of
the velocity overshoot in longer gate MESFETs, i.e. L > lym, as was
S
suggested earlier by other workers[13-15].
Moreover, the slope of F^ will also increase with the increase of V^g
as shown in Figure 4.6 for the 0.5ym gate FET and accordingly, the
velocity overshoot will be enhanced by this increase in V^g as shown in
Figure 4.7 which illustrates the variation of the peak longitudinal
velocity v with F for the three MESFETs at various values of and xp x DS
Vgs = OV. This figure also shows that no velocity overshoot will occur 
if F^ in the channel is below threshold which is in agreement with the 
discussions made in the previous section.
However, the increase of vx within the channel before the electrons are 
scattered into the satellite valleys will reveal a relaxation distance 
along which some electron depletion will occur in the conducting channel 
to sustain the current continuity in the device. One will expect then 
that this depletion increases as the overshoot is increased by decreasing 
the gate length but since shortening the gate produces more gradual 
depletion regions[6,10,56], more channel opening will take place with 
decreasing the gate length as shown in Figure 4.8 which gives the electron 
density distribution along the y-direction of these FETs at V^g = IV and 
Vqs = OV. This increase of the channel thickness and the average increase 
of v^ will give a higher drain current with the dcrease of the gate 
length as shown in the predicted current-voltage characteristics of the 
0.5ym gate and the 0.25ym gate FETs which are given in Figure 4.9. The 
corresponding characteristics of the lym gate FET was shown in Figure 3.9a. 
This increase of the channel thickness will also increase the number of 
electrons in a region with negligible transverse fields as discussed 
earlier in chapter 3.and consequently, more electrons will experience the
dropback characteristics of vv with F as the gate length is decreased.
It will be expected then that shortening the gate length will increase
the degree of current dropback in the I-V characteristics but, however,
this will not occur due to the larger rate of the increase in the velocity
overshoot with as L is reduced which is shown in Figure 4.7. This DS g
will lead, on one hand, to a smoother dropback in the v - F characteristics
X X
that correspond to y-positions in the conducting channel of the shorter gate 
FET and, on the other hand to a sharper increase in v^ within regions of 
significant transverse fields where the dropback in yx is suppressed.
These two important conditions can be clearly seen by comparing the vx - Fx 
curves in Figure 3.10 for the lym gate FET with the vv - F curves in
A  A
Figure 4.10 for the 0.5ym gate device. It seems that both of these conditions
are behind the decrease of the current dropback in the I-V characteristics
of Figures 3.9a and 4.9 as the gate is shortened. This result suggests
that any unsubstrated MESFET which shows a positive conductance in its I-V
characteristics for the lym gate length case, i.e. with an active layer thick-
17 -3ness of 0.16ym or less for a 10 cm doping density, must show an increase 
in this positive conductance with shortening the gate. This situation was 
actually obserged in the results of simulations performed by many workers 
to study the effects of gate length on MESFET operation [17,22,25,57], but 
no physical explanation for this behaviour was given.
Furthermore, a rapid current increase will take place after the negative 
resistance regions in the I-V characteristics of Figures 3.9a and 4.9. This 
increase of the current occurs at drain-source voltages where the dropback
of v with F is almost ceased when v~ reaches the saturation value. This
X X  X
current recovery will then be due to the continuous increase of v with FX A
in the regions of high F^, and as this is much sharper in the shorter gate 
FET, this current recovery will be greater in the shorter gate FET which result: 
in the increase of the output conductance gQ at high drain voltages as the
gate length is reduced.
All these various effects of the gate.length on GaAs MESFET operation ■ 
will make it interesting to study the effect of gate length on the 
performance of this device. This is usually done by examining the values 
of the elements of the equivalent circuit shown in Figure 2.8. Table 4.1 
lists the calculated values of these elements at V^g = 5V and V^g = OV as 
a function of gate length.
However, it is clear from our results that the reduction of the depletion
region size with reducing the gate length will allow more carriers in the
channel to contribute for the conduction modulation in the shorter gate
FETs. Since the more the carriers in the channel is the larger the change
in the drain current that can be produced by a given increase in V^g at a
fixed V^, the value of the transconductance g will then increase with short- DS 6m
ening the gate as given in Table 4.1. Furthermore, increasing V^g leaves the 
drift velocity v^ substantially unchanged and since the drain current depends 
on v and as the velocity overshoot increases as the gate length is reduced, 
the velocity overshoot will also contribute to the increase of gm with 
shortening the gate. This increase of the overshoot and the decrease of 
the effective channel length by reducing L are behind the fall of the 
transit time with gate length.
A second consequence of reducing the depletion region size is the 
decrease of source-gate capacitance Cgg and the gate-drain capacitance 
Cgp as shown in Table 4.1. The source-gate capacitance is dependant on the 
nature of the depletion region in a fashion similar to that affecting gm>
The more carriers available for current modulation is the less the change 
in the net space charge Q with the change in Vgg and then the smaller the 
value of Cgg as the gate length is reduced. The gate-drain capacitance, 
however, arises from two parts. The first, known as the gate fringing 
capacitance, is due to the extension of the depletion region on the drain 
end side of the gate which increases as VQg is increased but as the depletion
size decreases with decreasing the gate length, this capacitance will 
also decrease with shortening the gate. The second part comes from the 
stationary dipole layer that forms in the drain end of the gate and across 
which a major portion of V^g will be developed as explained in chapter 3.
This potential drop across the dipole layer decouples the changes in the 
drain voltage from the fringing capacitance[58]. Since the smaller the 
dipole layer is the smaller the potential drop, the coupling between the 
drain and the fringing capacitance will then decrease in the shorter gate 
device since it has a wider dipole layer than that in the longer gate 
device because of the more channel opening in short gate FETs as shown in 
Figure 4.8. By this argument, Cgp will be bigger in the longer gate device 
as given in Table 4.1 since less carrier accumulation occurs near the 
drain end of the gate in this device. The decrease of the total gate 
capacitance, Cgg + CgQ, and the increase of g^ with the reduction of gate 
length will be the reasons behind the increase of f,j, in short gate FETs 
as given in Table 4.1.
Moreover, the decrease of the depletion size and the increase of the 
channel thickness will reduce the channel resistance with reducing the 
gate length as given in Table 4.1. On the other hand, the source and drain 
parasitic resistances, Rg and R^ have shown the least dependence on the 
gate length since they are related to the undepleted regions between the 
source and gate and the gate and drain. As the spacings between these 
electrodes were fixed, these resistance must then remain constant whatever 
is the gate length.
However, it should be noticed that the negative region in the I-V 
characteristics of GaAs MESFETs makes these devices practically unstable.
This instability could cause the short gate GaAs FETs to become less useful 
especially at low drain voltages, as in our devices, where they exhibit 
this instability. At higher drain voltages i.e. > 2.5V, this instability
is ceased by the current recovery process in the I-V characteristics that
was explained earlier and results in a positive value of the output
conductance gQ as shown in Figure 4.9. This then leads to a stable value
of fmax which will increase with shortening the gate by the increase of fT
and the decrease of and Cgp as can be emphasized from equation (2.44),
in spite of the strong increase in gQ with reducing the gate length. This
increase in fmax in short gate FETs indicates that the frequency response
of MESFETs improves with the reduction of gate length.
Table 4.1 also lists the dependence of the unilateral gain U and the
minimum noise figure NF^ on gate length at a frequency of 10GHz.
According to equation (2.42), U will increase with decreasing the gate
length due to the increase of f^ , and the decrease of and with
decreasing the gate length. On the other hand, Table 4.1 shows the
decrease of NF . with shortening the gate. This situation can be derived m m
from equation (2.47) if we note that the fluctuations in the drain current 
2
<6ip> are resulted from current fluctuations along the channel which are
2similar to shot noise, while the fluctuations in the gate current <<Sig>
are resulted from current fluctuations along the transverse direction of the
device and are similar to thermal noise[59]. Accordingly, the drain current
fluctuations will be proportional to the drain current while the gate
current fluctuations will be proportional to T [59]. By noticing that
the factor \ y ^ / Y 2\\ equation (2.47) can be approximately given as
2
(wCcr/g ) according to equations (2.33) and (2.35), we will have oL m
wCcp 2
NF . « (— — -) x Inc (4.3)m m  “ v g J DSm
From the above equation, one concludes that the minimum noise figure can be
reduced if g is high at low I__. However, since g increases with reducing m DS m
the gate length and as gffl is maintained at remarkably high values up to the
pinchoff condition of the short gate device as shown in Figure 4.9, the
minimum noise figure of a short gate FET will be lower than that of an FET
with a longer gate as shown in Table 4.1.
4.4. Electron Conduction in Substrated Short Gate GaAs MESFETs
It has been shown in the previous chapter that adding a low-doped n-type
GaAs substrate beneath the active layer of the lym gate GaAs FET can remove 
the current dropback regions in the I-V characteristics of this device.
This behaviour will also occur in the 0.5ym and the 0.25ym gate FETs as shown 
in Figure 4.11 which shows the current-voltage characteristics of these two 
devices with a substrate. The substrate used here has the same properties 
of the substrate used for the lym gate FET.
The suppression of the negative resistancd region is again attributed to 
the existence of the high-low junction at the active layer-substrate inter­
face which allow a considerable number of electrons to diffuse into the 
substrate. A transverse field will then set up across the interface to 
oppose this electron diffusion as shown in Figure 4.12 which illustrates 
the variation of the transverse field F and the electron density along the 
y-direction of the 0.5ym and the 0.25ym gate FETs at VDg= IV and Vgg = OV. 
This interfacial field will lead to two important conditions. The first is 
to reduce the number of electrons experiencing the dropback characteristics 
of v with F . This makes the majority of the electrons in these devices
X X
to be in regions where F^ is significant to suppress this dropback as shown 
in Figure 4.13 which gives the variation of v with F at different y
X X
positions for the 0.5ym gate FET. This then makes the I-V characteristics 
in Figure 4.11 to maintain a positive conductance. The second condition 
is the omission of the velocity overshoot in the conducting channel by 
this interfacial field as shown in Figure 4.13 but despite this, v^ will 
show a sharper increase with F^ in the channel of the shorter gate FET due to 
the reasons explained in the previous section. This, however, will result 
in increasing the positive conductance with shortening the gate as shown
in Figure 4.11. This increase in the positive conductance with decreasing
the gate length has already been observed experimentally in the I-V
characteristics of devices made from the same epitaxial layer but with
different gate lengths[52].
This diffusion of electrons into the substrate will lead to the
reduction of the number of electrons contributing to the conduction modulation
which, together with the average decrease of v^ in the channel by the
interfacial field, will reduce the transconductance g of these devices intom
comparison with their respective values for the unsubstrated devices.
These two effects that are resulted from having a substrate below the active
layer seem to be behind the small influence that the gate length has on
improving gm in practical devices[51-54]. This situation is well illustrated
in Table 4.2 which lists the values of the equivalent circuit elements for
the substrated GaAs MESFETs at V^g = 5V and V^g = OV. However, it is clear
in this Table that the shorter gate FET still has a higher transconductance
since it has a smaller depletion size which allows for more carriers in the
channel as shown in Figure 4.12.
The other consequence of the electron diffusion into the substrate is
the increase of the total net space charge Q in the device which will result
in the increase of to values above those in the unsubstrated devicesob
but since the depletion size is smaller in the shorter gate FET, Cgg will 
decrease with shortening the gate as shown in Table 4.2. The gate-drain 
capacitance will have the same dependence on gate length that Cg^ has 
but the value of will also be higher than that in the unsubstrated 
devices since adding the substrate removes carrier accumulation, as shown 
in Figure 4.12, which is the reason of having small in the unsubstrated 
FETs as was explained earlier. The increase of g^ and the decrease of these 
two capacitances with shortening the gate will also make f^, to increase with
reducing the gate length as given in Table 4.2. The value of fT is less 
than that corresponds to the unsubstrated device of the same gate length 
due to the effects of electron diffusion into the substrate on the values
0f V  CSG and CGD‘
However, the electron diffusion into the substrate will not occur
only under gate but it takes place everywhere along the longitudinal axis 
of the device. This then reduces the number of electrons in the source 
and drain parasitic regions as well as in the channel and results in the 
increase of their resistances Rg, R^, and R^ respectively. The increase 
of Rc, R. and C,,n and the decrease of f„ in substrated devices will lead
o 1 uU 1
to the decrease of both f and U to values lower than those of themax
unsubstrated device as given in Table 4.2. Nevertheless since fT increases 
with decreasing the gate length, it is clear from equations (2.42) and (2.44) 
that the unilateral gain U and the maximum frequency of oscillation fmax will
be also inversely proportional to the gate length of the substrated devices
as is given in Table 4.2. This indicates that the frequency response of 
substrated MESFETs improves also with the reduction of gate length.
It is also clear in Table 4.2 that the minimum noise figure in 
substrated FETs is higher than that of unsubstrated devices. To explain 
this situation, it is worth remembering from the discussions in section 3.3 
that electron diffusion into the substrate reduces the current in the active 
layer but due to carrier flow in the substrate, a substrate current will be 
formed and will compensate that decrease in the channel current. Since 
electron diffusion from a highly doped material to a low-doped one is 
determined only by the doping densities of these materials, this diffusion 
will be almost independent on gate length and therefore, the substrate 
current distribution will be the same in our three devices and is similar 
quantitatively to that shown in Figure 3.16b. However, since the noise
figure has a minimum at low drain current as was explained in the previous
section, a large gate bias is then required, but as the gate bias has only
a little influence on the substrate current, a considerable part of this
current will flow through the substrate even at large gate potentials.
This behaviour will result in the deterioration of g at low Inc, andm Do
therefore the minimum noise figure will have a high value according to 
equation (4.3). Nevertheless, since the shorter gate FET has more carriers 
in the active layer than the longer gate device, the gm of the former will 
be higher not only at zero gate bias but also when the gate bias is near 
the pinchoff as shown in Figure 4.11. Consequently, the minimum noise figure 
will decrease with decreasing the gate length of the substrated MESFETs as 
shown in Table 4.2 and as observed experimentally by other workers[51-53].
4.5. Conclusion
We have presented in this chapter the results of a study on the effect 
of gate length on the operation and performance of GaAs MESFETs by using 
a two-dimensional Monte Carlo model. By examining the electron density 
distribution and the electron velocity in the channel of unsubstrated FETs, 
we have found that velocity overshoot has many significant effects on device 
operation for < lym. It causes the transconductance as well as the 
unity current gain frequency to increase to high values and improves the 
frequency response of MESFETs. Furthermore, it improves the noise performance 
and also reduces the degree of negative resistance in the I-V characteristics 
of short gate FETs. However, it was shown that this velocity overshoot is 
well reduced by adding a substrate beneath the active layer and accordingly, 
reducing the gate length in this case will have a less influence on MESFETs 
performance.
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Figure 4.1: Variation of drift velocity with time for a
17 -310 cm doped n-type GaAs at fields of 
1,3,5,10 and 20 KV/cm.
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CHAPTER 5
SUBSTRATE EFFECTS ON GaAs MESFETs PERFORMANCE
5.1. Introduction
The dependence of GaAs MESFETs characteristics on the electrical
properties of the layer on which the' active layer is directly grown has
become one of the most interesting subjects of designing this device.
GaAs FETs made by the conventional growth of the active layer on Cr-doped
substrates often show poor performances due to the formation of a second
depletion region at the active layer-substrate interface and the diffusion
of impurities from the substrate into the active layer which results in low
electron mobility near the interface[60-64]. In order to bypass these
effects, the insertion of a high quality buffer layer between the active
layer and the substrate was proposed to improve MESFETs characteristics[61-65]
Although a depletion region will also be formed at the active layer-buffer
layer interface, the diffusion of impurities into the active layer will
almost be eliminated due to the low density of impurities in the buffer
layer[61]. In addition, this layer is usually made thick enough so that any
defects in the substrate can be covered over a part of the buffer layer[62,63]
However, it has been shown in the two previous chapters that the
substrate has a major influence on the operation and performance of GaAs
MESFETs. In these simulations, the substrate was assumed to be a pure
semi-insulating GaAs. Furthermore, the doping density in these simulations
17 -3has an abrupt change at the active layer-substrate interface from 10 cm
14 -3m  the active layer to 10 cm in the substrate. Both of these situations 
are very ideal and cannot be reached in real FETs. Due to the epitaxial 
growth processes used in fabricating these devices and the probable diffusion 
of impurities into the active layer, there is a gradual transition in the 
electron doping density from its value in the active layer to that in the
bulk of the substrate or the buffer layer[61,64,65,66]. Therefore, the 
conduction properties of practical MESFETs will be dependent upon the 
electrical properties relevant to this transition region, such as its 
mobility, purity, and doping profile, as well as those relevant to the 
active layer, such as its mobility and doping density.
A detailed theoretical study on the effects of the substrate properties 
on GaAs MESFETs operation has never been offered and therefore, this chapter 
will be devoted to present such study by using the two-dimensional Monte 
Carlo model. In order to make this model capable of simulating thick 
substrates, we have found it important to modify Hockney’s Poisson's 
equation solver P0T4 to a new version, called P0T7, which allows the use 
of a variable mesh size along the transverse direction of the device. This 
modification makes the simulation to require much less computation time 
than that required if a constant mesh is applied to the same problem without 
any loss in accuracy.
The GaAs MESFETs used in this study have a one micron gate length.
The thicknesses and the doping densities of the active layers and substrates 
used in these simulations will be specified later. The other parameters of 
the active layer are given in Table 3.1.
The rest of this chapter will be divided into three sections. Section 
5.2 discusses the effects of n-type substrates. Section 5.3 investigates 
the effects of the buffer layer properties and Section 5.4 gives the 
conclusion. The comparison with experimental observations will be 
dealt with during the discussion.
5.2. GaAs MESFETs with n-type Substrate
It is clear from previous discussions that the term ’substrate’ is 
used for an impure layer beneath the active layer of a MESFET. In order 
to understand the effects of this layer on MESFET’s properties, simulations
were performed on a device with an active layer of 0.2ym thickness and
having the doping profile shown in Figure 5.1[67]. This figure shows the
distribution of the free electron density along the y-direction
of the device. This profile is divided into three regions; the first is
along the active layer, the second is along the bulk of the substrate,
and the third is the transition region between them. The background
15 -3doping of the substrate .is n-type with a donor density of 8 x 10 cm , 
but it is clear from Figure 5.1 that the free electron density in the 
bulk of the substrate is much less than this value. This results from the 
existence of acceptors produced by the introduction of iron or chromium 
into the substrate to compensate the n-type material and achieve a high 
resistivity substrate. Moreover, although the donor density is assumed 
constant throughout the active layer thickness, the free electron density 
in the active layer region near to the interface is not constant as shown 
in Figure 5.1. This is attributed to the outdiffusion of acceptors from 
the substrate into the active layer during the epitaxial growth which reduces 
the net electron concentration of the active layer as was observed in many 
practical FETs[61-54]. The distribution of the low-field electron mobility 
that corresponds to this doping profile is also shown in Figure 5.1[67] 
together with that of the same doping profile but when N^=o. The latter 
was calculated from the Monte Carlo model. It is clear from this figure 
that introducing these acceptors reduces the electron mobility of both 
the substrate and the active layer region near the interface. This 
situation has many adverse effects on MESFETs performance[61-64] as will 
be emphasised later.
However, the predicted I-V characteristics of the GaAs MESFET with 
these doping and mobility profiles is shown in Figure 5.2a. We shall refer 
to this structure as device (1). In this device, electron diffusion will 
also take place from active layer to the less doped substrate which results 
in the substrate current shown in Figure 5.2b. On the other hand, the
high-low junction in this device will not be at the active layer-substrate 
interface since the free electron density is actually decreasing at a 
point aQ within the active layer. Therefore, the acting high-low junction 
will be at the point aQ where the interfacial transverse field is at its 
maximum value as shown in Figure 5.3 which illustrates the variation of the 
transverse field F and the electron density along the y-direction for
VDS ’ 1V and VGS=0V-
Because of this gradual decrease in the free electron density in the
active layer, the magnitude of the transverse field across the high-low
junction will be less than that in the abrupt interface case discussed in
Section 3.3. This condition must then lead to a less electron depletion in
the conducting channel if the junction is at the active layer-substrate
interface, but since this junction is well shifted inside the active layer,
more electrons are depleted from the active layer as shown in Figure 5.3.
This average decrease in the density of electrons in the active layer and the
low electron mobility near the interface will lead to the decrease of the
current through the active layer, while the very low mobility in the
substrate will also result in a small substrate current as shown in
Figure 5.2b. These two small current components make this device to have a
smaller drain current in comparison with the ideal interface case in
Section 3.3. Furthermore, the existence of the interfacial field inside
the active layer makes almost all the carriers in the active layer to be in
a situation that the velocity dropback in the vx“Fx characteristics is
suppressed as shown in Figure 5.4 which gives the variation of v^ against
Fx for different values of y. It is also shown in this figure that
despite the small transverse field the near the substrate side of the
interface, the velocity dropback in this region has a small peak-to-valley
ratio due to the low electron mobility in the substrate. It is clear
from Figure 5.3 that the electron density in the substrate is much less
than that within the active layer. Consequently, only a small minority 
of the electrons will experience the above mentioned velocity dropback 
characteristic and, therefore, the device will maintain a positive 
conductance in the I-V characteristics with a very poor current saturation 
as shown in Figure 5.2a.
However, it should be realized that impurity diffusion into the active 
layer has also some effects on the preformance of GaAs MESFETs. Table 5.1 
lists the small signal parameters for device 1. It is clear from this
table that this device has a dramatically small transconductance which is
*
even lower than that of the abrupt interface device. To explain this 
situation, it is worth remembering from the discussions in Section 4.4 
that the presence of the substrate makes g^ to depend on the change of both 
the active layer and the substrate currents by the change in V nc andCjb
consequently, gm will then be dependent on the properties of both these 
layers. Accordingly, this device must have this small gffl due to the low 
electron mobilities and the decrease of the electron density in the 
active layer by the diffusion of acceptors. The value of g^ will 
deteriorate further by the increase of V^g as shown in Figure 5.2a since 
Vgg has more influence on the active layer carriers than on the substrate 
carriers as illustrated in Figure 5.5 which shows the distribution of the 
mobile carriers along the y-direction of device 1 for VDS“1V and different 
values of Vgg. This figure shows that increasing V^g widens the gate 
depletion region and then decreases the electron density in the active 
layer without affecting the small electron density in the substrate. This 
will decrease the ratio of electrons in the active layer, the high mobility 
layer, to those in the substrate, the low mobility layer, and then results 
in the decrease of the average device mobility ji which is given by Petritz’s 
parallel layer model as [68]
where and n^ are the electron densities in the active layer and the
substrate, and y^ and are ^ e  average mobilities in these layers
respectively. This decrease of y results in the decrease of gm as V^g
increases and decreases the drain current and consequently, the device
will have a low g at low drain currents as shown in Figure 5.6a which m
gives the variation of g with Ioc, for different values of and V_.C=5V.m Do bo Do
This condition makes the device to experience a poor noise performance as 
shown in Figure 5.6b which gives the variation of the noise figure NF
'“•th IDS at VDS=SV‘
It was also shown in Section 4.4 that the presence of the substrate
will increase the net charge in the device due to the electron diffusion
into the substrate which results in an increase of both Cg^ and C^D.
The values of these capacitances are much higher in device 1 as shown in
Table 5.1 due to the increase of electron depletion by impurity diffusion.
These high values of Cor and CLn, and the low g value makes this device toou uU m
have a low cut off frequency f^ which, together with the high output
conductance of this device, will result in the small unilateral gain U
and the low maximum frequency of oscillation f as indicated in Table 5.1.J max
This low f is also resulted from the increase of the source parasitic .•max r
resistance R^n by the decrease of the electron density in the active layer
and the low electron mobility near the interface.
This deterioration in the performance of GaAs MESFETs was also observed
experimentally in devices with low electron mobilities near the active
layer-substrate interface, together with a poor current saturation in their
I-V characteristics[61,63-65]. Most of these devices have an active layer
1 6 —3of 0.25 - 0.3ym thickness and doping density of 6 - 10 x 10 cm” . According
to our previous discussion in Chapter 3, these devices have to show a
negative resistance region in their I-V characteristics even with a substrate
but, however, this seems not to occur when impurities penetrate into a
considerable part of the active layer and decreases the electron concentration
of that part. In order to clarify this point, we have performed Monte
Carlo simulations for the 1pm gate GaAs MESFET of Nozaki et al[61] which
16 “3has an active layer of 7 x 10 cm" doping density and 0.3pm thickness,
and is grown on a semi-insulating Cr-doped GaAs substrate. The distributions
of the free electron density and the electron mobility along the y-direction
of this device are shown in Figure 5.7. It is clear in this figure that the
mobility in the active layer region near to the interface is substantially
less than the mobility near the top surface of this layer which is due to
the diffusion of impurities into about 0.07pm of the active layer. The
simulations results show that this situation leads to the same state of
affairs discussed earlier which makes the majority of electrons to be in
situation where the velocity v^ does not increase for F^ > F while if
v shows a dropback in regions of insignificant F , this dropback has a low x y
peak-to-valley ratio. Therefore, the overall I-V characteristic of this 
device shows no current dropback and has a high output conductance as 
shown in Figure 5.8. The dotted lines in this figure correspond to the 
experimental I-V characteristics of this device which are in very good 
agreement with the simulated I-V characteristics.
5.3. GaAs MESFETs with n-type Buffer Layer
The above deterioration in MESFET's performance can be reduced by 
decreasing the amount of impurities in the active layer of the device.
This can be achieved by using a pure and high resistivity buffer layer 
below the active layer which results in having a uniform electron density 
distribution in the active layer as shown in Figure 5.9 which illustrates
the doping profile of a GaAs MESFET with an active layer grown on a pure 
buffer layer[67], The lack of impurities in this device gives a constant 
mobility throughout the active layer and makes the mobility to depend only 
on the electron concentration in the device. Therefore, the mobility will 
increase with the decrease of the electron density in the buffer layer as 
shown in Figure 5.9 which gives also the calculated mobility profile for the 
doping profile in this figure.
The calculated I-V characteristics of this GaAs MESFET is shown in 
Figure 5.10a. We shall refer to this device as device (2). The dimensions 
of the active and buffer layers of this device are similar to those of 
device (1). However, since the electron density decreases gradually at the 
active layer-buffer layer interface, the transverse field across this 
interface will be less than that across the abrupt interface as discussed
earlier. This condition is well illustrated in Figure 5.11 which shows the
distribution of the transverse field and the mobile carriers along the 
y-direction of device (2) at V^g = IV and V^g = oV. This will result in 
two important situations. The first is the less electron depletion in the 
conducting channel as shown in Figure 5.11. The second is the decrease in 
the influence of the transverse ion the longitudinal velocity v in the
X
conducting channel which results in widening the region where electrons can 
experience the dropback of v^ at high longitudinal fields as shown in Figure 
5.12 which shows the variation of v^ against F^ at different values of y.
The high electron mobilities in the active and buffer layers make the 
velocity dropback to have a larger peak-to-valley ratio than that in
device (1). This condition will improve the saturation degree of the
positive conductance in the I-V characteristics of device (2). This positive 
conductance is again resulted from having the majority of the electrons 
in regions of large transverse fields, as shown in Figure 5.11. where the 
velocity dropback is suppressed.
Similar improvements in the saturation characteristics were also 
observed experimentally in GaAs MESFETs when the active layer is directly 
grown on a buffer layer instead of being grown on a substrate[61,63]. It 
was also observed experimentally that GaAs FETs have more tendency to show 
negative resistance regions their I-V characteristics if their active layers 
were thick and grown on buffer layers[49, 50, 67. 69-71]. These two 
situations are attributed to the less electron depletion at the interface 
by the presence of the buffer layer which allows for a conducting channel to 
exist between the gate depletion region and the high-low junction at the 
interface. On one hand, if the FET has a thick active layer, the majority 
of the electrons will experience the velocity dropback characteristic with 
a large peak-to-valley ratios due to the high electron mobilities which will 
lead to the current dropback characteristic. On the other hand, if the 
active layer of the FET is thin, only a minority of the electrons will 
experience the velocity dropback but as the dropback has a large peak-to- 
val ley ratio, the I-V characteristics will show a positive conductance but 
with a good current saturation characteristic. These two situations are 
in absolute consistency with the conclusions made in Chapter 3.
However, it has been shown experimentally that the performance of 
GaAs MESFETs is well improved by the presence of a buffer layer below 
the active layer[61, 63-65]. This condition is also illustrated in 
Table 5.1 by comparing the values of the small signal parameters of devices 
(1) and (2). The most pronounced improvement is in the increase of gm 
which is resulted from the increase of the electron density and the mobility 
in the active layer which leads to the increase of the active layer current 
and then to a larger change in this current component by V^g. Furthermore, 
the high electron mobility in the buffer layer produces also a large 
current in buffer layer as shown in Figure 5.10b. The increase of this 
current will lead to the increase of its change by Vnc which will contributeuo
to the increase of g . It is also shown in Figure 5.10a that the value ofm
gm is still higher than that of device (1) at large gate potentials which 
is also resulted from the high electron mobility in the buffer layer. This 
condition will give a higher g^ for the same drain current as shown in 
Figure 5.6a and consequently, device (2) will have a better noise performance 
as is shown in Figure 5.6b.
It should also be expected that the less electron depletion in -the 
active layer by the presence of the buffer layer will decrease the values of 
Ccr, and C„n and also decreases the values of the parasitic resistances Rc
bb oD b
and R, and the input resistance R. as is indicated in Table 5.1. Thed r m
improvement of these elements will then improve the frequency response of
the device by the increase of f„, f and U as shown in Table 5.1.J T max
However, it is clear from Figure 5.10a that despite the existence of a 
high quality buffer layer, the transconductance of device (2) is much less 
than that of the unsubstrated device at all gate potentials. The smaller 
transconductance at small gate potentials is due to the average decrease 
of the active layer carriers by the electron diffusion into the buffer layer, 
while the smaller gm at large gate potentials is due to the wider region 
that the donors penetrated into the device as shown in Figure 5.9. The latter 
yields a more gradual pinchoff as shown in Figure 5.13 which gives the 
transfer characteristics of the unsubstrated MESFET as well as of devices 
(1) and (2.). Since the higher gm at the same IDg gives a better noise figure 
for the FET, the unsubstrated FET will then show a much better minimum noise 
figure than that of device (2). In order to assess the noise performance 
of GaAs MESFETs, a much sharper doping profile is then required near the 
active layer-buffer layer interface to shorten the region that donors will 
penetrate into the buffer layer. Figure 5.14 shows a doping profile for a 
GaAs MESFET, referred as device (3), which has a larger steepness near the 
interface than that in device (2). This sharper decrease of the doping 
density will give an average increase of the buffer layer mobility near the 
interface as is shown in Figure 5.14. The simulation results of device (3)
reveals that sharpening the doping profile will slightly increase the 
transverse field across the interface and then depletes more carriers 
from the active layer. This is clearly shown in Figure 5.15 which gives 
the variation of F^ and the electron density as a function of y for device 
(3) at VDg = IV and Vgg = oV. Moreover, the most significant effect of 
this sharpening is the large decrease of the electron density within the 
buffer layer in comparison to that in device (2). This situation will lead 
to the decrease of the buffer layer current as shown in Figure 5.16b which 
gives the details of the buffer layer currents for device (3) at Vgg = oV.
This condition will decrease the total drain current as shown in Figure 5.16a 
which gives the I-V characteristics of this device. It will be then expected 
that gm will have a smaller value but this does not occur due to the increase 
of the buffer layer mobility by the decrease of the doping density in this 
layer which results in a higher value of gm as shown in Table 5.1. Further­
more, the decrease of the electron density in the buffer layer makes the 
device to need a less gate potential to pinch it off as shown in Figure 5.13. 
This sharper pinchoff and the high mobility in the buffer layer will rise 
the value of gm at low drain currents as shown in Figure 5.6a and consequentlys 
this device will have a lower minimum noise figure as shown in Figure 5.6b 
which is achieved at a lower drain current.
It is also clear from Table 5.1 that changing the doping profile has 
not any remarkable effects on the values of the capacitances and Cgp 
and on the output conductance gQ due to the insignificant change of the 
electron density in the active layer. Nevertheless, the frequency response 
of this device is improved as shown in Table 5.1 by the increase of g^.
However, the above discussion emphasises the improvement of GaAs 
MESFETs performance by steeping the doping profile at the interface. There­
fore it is not surprising that the GaAs MESFET with the abrupt interface 
shows a better performance than devices (2) and (3) ad indicated in
Table 5.1. This again is attributed to the low doping density in the
buffer layer which leads to a very high mobility throughout this layer and
to the sharp pinchoff characteristic as shown in Figure 5.13. These two
conditions will results in an increase of g at both zero and large gatem
potentials as shown in Figure 5.6a. This behaviour will definitely lead to 
a less minimum noise figure as shown in Figure 5.6b, and also improves the 
frequency response of the device.
The dependence of MESFET’s operation on the steepness of the doping 
profile at the interface has also been observed experimentally. The clearest 
example was shown by Nozaki and Ohata[72]. In this example three GaAs 
MESFETs were prepared with the electrical properties in the active layer 
but with different doping profiles in the buffer layers. The results have 
revealed that the device with the longest doping tail in the buffer layer 
has the largest pinchoff voltage and the smallest transconductance. The 
minimum noise figure of this device was also larger than that of the other 
FETs which have a steeper doping profile. These observations are 
absolut\j consistent with our simulation results.
However, it was mentioned earlier that the buffer layer is usually 
grown on Cr-doped semi-insulating substrate[61, 62, 64, 65, 73, 74]. In
this case, the buffer layer-substrate interface will have the same poor 
properties of the active layer-substrate interface due to the outdiffusion 
of impurities into the buffer layer[65, 67, 73, 74]. To examine the effects 
of the buffer layer-substrate interface on MESFET’s performance, we will 
consider a GaAs MESFET with the doping profile in Figure 5.17[67]. This 
device, referred as device (4) has the same active layer properties of 
devices (2) and (3) but it has the same doping steepness of device (3) at 
the active layer-buffer layer interface. The doping profile in Figure 5.17 
gives the distribution of both the free electron density N^) and the
total impurity concentration (N^  + along the y-direction. It is clear
in this figure that the total impurity concentration is much greater than 
the free electron density near the buffer layer-substrate interface which
i
is resulted from the outdiffusion of acceptors throughout the interface.
The amount and distance of penetration of the acceptors into the buffer 
layer is usually dependent on the growth time[65].
Although the existence of these acceptors decreases the electron 
mobility in that part of the buffer layer as shown in Figure 5.17, this 
does not affect the MESFET performance as indicated in Table 5.1. This 
situation occurs because the mobility deterioration starts far away from 
the active layer-buffer layer due to the thick buffer layer in this device 
and where the electron density is too small and has no effect on the 
device's operation.
However, the electron mobility of the buffer layer will deteriorate 
further if much more acceptors are allowed to penetrate into the buffer 
layer. This will then degrade MESFET's performance if the deterioration 
of the buffer layer mobility occurs very near to the active layer interface. 
This situation is actually shown in Table 5.1 for device (5) which has the 
doping and mobility profiles shown in Figure 5.18[67]. The diffusion of 
these impurities will shorten the doping tail in the buffer layer as shown 
in Figure 5.18 which then decreases the gate potential required to 
pinchoff the device.
Although sharpening the pinchoff characteristic usually improves the 
performance of MESFETs as was emphasised earlier, it has no significant 
effects in this case because of the low electron mobility near the active 
layer interface which produces a large decrease in gm as illustrated in 
Table 5.1 and results in an increase in the minimum noise figure as shown 
in Figure 5.7b. The degradation of MESFETs performance by compensating 
part of the buffer layer or having a p-type buffer layer beneath the 
active layer was also shown experimentally[65, 67, 75]. This again was
attributed to low mobility of the buffer layer.
5.4. Conclusion
In this Chapter two different device configurations are simulated 
for the purpose of investigating the effects of the interface between the 
active layer and layer beneath it. If this layer is a substrate, the 
device will have a lower drain current versus drain voltage characteristics 
due to the electron depletion caused by impurity diffusion into the 
active layer. This will make the transconductance and the frequency response 
much lower than that for the unsubstrated device.
The performance of the MESFET will generally improve when the substrate 
is replaced by a high quality n-type buffer layer but this improvement 
depends upon the properties of this layer. It was determined that loss 
of channel conduction due to the electron depletion at the active layer- 
substrate interface is well reduced by the buffer layer due to the lowering 
of impurities in the active layer. However, this depletion will not be 
compensated completely due to the diffusion of electrons from the active layer 
into the buffer layer. It was also shown that as the transition in doping 
density near the active layer-buffer layer interface becomes smoother, the 
transconductance becomes lower due to the decrease of the electron mobility 
in the buffer layer. This implies that the minimum noise figure gets larger 
and the decrease of the frequency response.
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CHAPTER 6
MESFETs OPERATION WITH GaAs - Ai;.Ga, .As HETEROJUNCTIONS
"" ' " " X  JL "  X "  ~ ' " I 111 I'll —  - I I  «--r-rrr-i
6.1. Introduction
It can be recognized from the previous Chapters that the performance 
of GaAs MESFETs depends on the properties of the layers in the device. It
was indicated from our simulation results that the best microwave
performance can be achieved in two cases. The first was in unsubstrated 
MESFETs so all the electrons were kept within the active layer. The second 
case was in devices consisting of an active layer grown on a high quality 
buffer layer with an abrupt change in the doping density at the interface 
which makes the electrons diffusing into the buffer layer to move with an 
extremely high electron mobility.
However, it is impossible to have a practical GaAs MESFET with eitjier 
of these two cases when GaAs is used as the material for layer below the 
active layer. For the first case this is because it requires an FET with 
a perfectly reflecting boundary condition at the bottom surface of the
active layer to confine the electrons to the conductive path in the active
layer which is not possible to create in high-low junction due to the 
electron diffusion process. On the other hand, it is not possible to 
achieve the second case because of the difficulty in obtaining such sharp 
interface during the epitaxial growth processes.
By the recent progress in material growth technology, it becomes 
possible to fabricate new FET structures which allows the experimental 
verifications of these concepts. This deals with the use of GaAs-AlGaAs 
heterojunctions in MESFETs as an alternative to the conventional FETs 
with GaAs-GaAs homojunctions.
The heterojunction is a junction between two dissimilar semiconductors 
having different energy band gaps[76]. Figure 6.1a shows the energy band
diagram for isolated N-GaAs and n-AlGaAs layers before the formation of 
a heterojunction, where N and n stands for the high and low doping 
condition respectively. The heterojunction is formed by bringing these 
two materials into intimate contact as shown in Figure 6.1b which illustrates 
the energy band diagram of an abrupt N-GaAs/n-AlGaAs heterojunction at 
equilibrium. Since the Fermi level must coincide on both sides and the 
vacuum level must be continuous, a conduction band discontinuity AEc will 
appear at the interface as shown in Figure 6.1b. It can also be seen in 
this figure that this discontinuity is related to the difference between 
the band gap energies of both materials as
AE = E 0 - E . - AE (6.1)c g2 gl v v
where E^-is the band gap of GaAs, E ^  is the band gap of AlGaAs and AEv 
is the discontinuity at the valence band. According to the analysis of 
Dingle[77] and Frensley and Kroemer[78], AEv can be given as
AE = 0.15 x (E 0 - E J  v v g2 gl'
Therefore, AEc can be expressed as
AE = 0.85 x (E 0 - E .) (6.2)c v g2 gl' v '
However, the application of this N-GaAs/n-AlGaAs system in MESFETs 
has the advantage of using the AlGaAs as a buffer layer, primarily because 
the discontinuity at the interface will act as a reflecting boundary at the 
bottom surface of the active layer. This boundary will provide electron 
confinement within the active layer which is required in MESFETs to achieve 
good performance as explained earlier. MESFETs of this type have already
been fabricated in some laboratories and they have shown a marked improvement 
over the conventional MESFETs[81-86].
Moreover, another heterojunction type may also be applied for MESFETs.
In this structure, an undoped GaAs and a selectively doped AlGaAs layers 
are used. The energy band diagrams of these two semiconductors and of the 
heterojunction formed by them are shown in Figures 6.2a and 6.2b respectively. 
Because of the higher electron affinity in GaAs, the electrons will transfer 
from the AlGaAs to the undoped GaAs layer and then will experience its 
high mobility since ionized impurity scattering is avoided in undoped material: 
The usage of this heterojunction in MESFETs, with the AlGaAs as the active 
layer, makes the transferring electrons into the undoped GaAs region to 
experience a mobility that is much higher than that of the active layer.
This condition will also lead to MESFETs showing good microwave performance 
as was demonstrated experimentally by many workers[102-104].
However, to the knowledge of the author, no numerical simulation has 
been applied for MESFETs with heterojunctions and therefore, the aim of 
this Chapter is to investigate the physical properties of such devices by 
using the two-dimensional Monte Carlo model. In order to account correctly 
for the affairs near the hetero junction interface, the variable mesh size 
Poisson*s equation solver P0T7 was used with a mesh cell increment of 2A° 
in the y-direction along a considerable region across the interface. P0T7 
was also modified to take into account the change in the static permittivity 
of the two materials. In these simulations, the bulk parameters of GaAs and 
AlGaAs were used. The parameters of GaAs were given in Table 2.1 while for 
Al^Ga^ ^As, these parameters are dependent on the alloy composition x. This 
dependence makes the AlGaAs to change from a direct band gap material at low 
values of x to indirect band gap material at high values of x[79] . In our 
study, an alloy composition of 0.5 was chosen to be the crossover point from 
the direct to the indirect condition[79]. Table 6.1 lists the equations
expressing this alloy composition dependence for both conditions.
Furthermore, the scattering mechanisms given in Chapter 2 were used for 
both materials together with the random potential alloy scattering in 
AlGaAs[80].
The MESFETs used in this study have a one micron gate length. The 
thicknesses and doping densities of the different layers in these devices 
will be specified later. The other properties of the active layer are 
given in Table 3.1.
The remaining part of this Chapter will be divided into three 
sections. Section 6.2 investigates MESFETs with N-GaAs/n-AlGaAs hetero­
junction. Section 6.3 investigates MESFETs with N-AlGaAs/n-GaAs hetero­
junction and Section 6.4 is for the conclusion. The comparison between our 
simulation results and experimental observations of other workers will be 
considered during the discussions.
6.2. MESFETs with N-n GaAs-Al„Gan „A heterojunctions' ' -r . - ^  j, -X r_l" " '
In this section, we will deal with FETs using low-doped AlGaAs as a
buffer layer beneath the GaAs active layer. The details of the active layer
are the same as those of device A in Chapter 3. The AlGaAs layer is
14 -3
assumed to be 2ym thick with uncompensated doping density of 10 cm and 
an alloy composition of 0.2. This ratio gives a conduction band discontinuit) 
of 0.212eV at the interface as is calculated from equation (6.2). Such 
sharp interface between the active and buffer layers has been achieved 
experimentally[81].
However, the predicted I-V characteristics of this structure is shown 
in Figure 6.3a. It is interesting to see in this figure that the current 
saturation of this device is better than that of the FETs with GaAs buffer 
layer which were discussed in the previous Chapter. This situation was 
also observed experimentally in MESFETs when the GaAs buffer layer was
replaced by an AlGaAs layer under the same active layer[81-83]. This 
improvement is believed to be due to the electron confinement in the 
active layer by the discontinuity at the GaAs-AlGaAs interface. This 
discontinuity will prevent any electron in the active layer to transfer 
into the AlGaAs layer unless it has acquired the required energy from applied 
electric fields to cross this discontinuity. This condition will lead to 
a less electron transfer into the AlGaAs layer than into a GaAs buffer at 
any operating point of the MESFET. In other words, this structure has 
more electrons in the active layer as shown in Figure 6.4 which gives the 
distribution of the transverse field F and the mobile carriers n as a
y
function of y at V^g = IV and V^g = oV. This decrease in electron transfer 
has two important consequences on MESFETfs properties. The first is the 
small transverse field within the interfacial depletion region which is shown 
in Figure 6.4. This small field makes a considerable number of the 
electrons to experience the dropback of v when the longitudinal field F
X X
exceeds the threshold as shown in Figure 6.5 which illustrates the variation 
of v with F as a function of y. By comparing this figure with those
A  A
corresponding to the conventional FETs in Chapter 5, it becomes clear that
more electrons will undergo the velocity dropback in this device. However,
the number of these electrons is still less than that in regions where the
dropback in v^ is suppressed. Therefore, a positive conductance will also
be maintained in the I-V characteristics of this device as shown in Figure
6.3a but since a larger number of electrons will experience the velocity
dropback, the I-V characteristics will have a much better current saturation.
The second consequence of this less electron transfer is the decrease
of the current in the AlGaAs buffer layer which also contribute to the
improvement of the current saturation. Details of the buffer layer current
are shown in Figure 6.3b for different values of Vnc and at V na - oV. It is
Do bo
shown in this figure that only 12% of the total drain current flows into the
AlGaAs layer. This decrease in the buffer layer, current is also due to 
the low electron mobility of AlGaAs in comparison to that of GaAs[79].
This figure also shows that almost no current flows into the buffer layer 
along the source-gate region and the gate-drain region. This is attributed 
to the lack of electron transfer into the AlGaAs since F is too small inX
these regions to heat up the electrons in the active layer. Figure 4.5a shows 
a typical distribution of F along the conducting channel of a lym gate 
MESFET at V^g = IV and V^g =oV. This behaviour will shorten the electron 
conduction path in the lower mobility layer which results in the decrease 
of the average electron transit time of this device as is indicated in 
Table 6.2 which gives the small signal parameters of this device at 
VDS = 5V and VG£. = oV.
Besides the decrease of the output conductance gQ by the good current 
saturation characteristics, the existence of the AlGaAs layer improves also 
the other parameters of this device with respect to those of . the FET 
with GaAs buffer layer (device (3) in Chapter 5) as emphasised in Table 6.2. 
The improvement shown by the transconductance g^ is attributed to the 
electron confinement in the active layer which allows more electrons to 
contribute for the conduction modulation by the gate bias. The trans­
conductance will be maintained at remarkably high value up to large gate 
potentials as shown in Figure 6.3a which leads to a sharper pinchoff character­
istic as is illustrated by the transfer characteristics of Figure 6.6. The 
value of gm at low drain currents will be much higher than that of device (3) 
of Chapter 5 as is shown in Figure 6.7a which shows the variation of g^ with 
IDS. Thereby, this device will have a lower minimum noise figure at the 
same operating frequency of 10GHz as is illustrated in Figure 6.7b which 
gives the variation of the noise figure with drain current.
Furthermore, this electron confinement also decreases the source-gate 
and gate-drain capacitances since the more the electrons available under the
gate is the less the change in the net space charge with VGg for CgG and 
with for The improvement of these elements are behind theDo bU
increase of f.j, which, together with the decrease of gQ, will lead to the
increase of both U and f as is indicated in Table 6.2. The increase ofmax
U and f is also resulted from the decrease of the parasitic resistances max
R and R, and the input resistance R. by the electron confinement in the s d r m  J
active layer.
However, in order to estimate further the role of the alloy composition 
on device's characteristics, simulations were performed for the same MESFET 
structure but with an alloy composition of 0.4 in the AlGaAs which results 
in a band gap discontinuity of 0.424eV at the interface. The predicted 
I-V characteristics of this device is shown in Figure 6.8a and the 
corresponding distribution of the current in the AlGaAs buffer layer is 
shown in Figure 6.8b.
It is clear in Figure 6.8a that this device has a better current 
saturation than that of the MESFET with the 0.2 alloy composition in the 
AlGaAs layer. This condition is again attributed to the decrease of the 
electron transfer into the AlGaAs layer by increasing the discontinuity at 
the interface which then results in a further decrease of the buffer layer 
current as is illustrated in Figure 6.8b. A part of this decrease in this 
current is also due to the decrease of the AlGaAs mobility with increasing 
the alloy composition[79]. Figure 6.9 shows the dependence of this mobility 
on x for different doping densities which is calculated by using our Monte 
Carlo model. The improvement of the saturation characteristics by increasing 
x was also observed experimentally[83, 84].
Moreover, increasing x leads also to the improvement of the frequency 
performance of the MESFET as is indicated in Table 6.2 which also lists the 
small signal parameters of this device. The increase of electron confinement 
in the active layer increases the value of g^ at both small and large gate
potentials as is shown in Figures.6.7a and 6.8a. This then produces a 
sharper pinchoff characteristic as shown in Figure 6.6 and then leads to the 
improvement of the noise performance of the device as is shown in Figure 6.7b.
It is also clear from this table that increasing x makes the device 
approach the properties of the unsubstrated lym gate GaAs MESFET which 
was discussed previously. In fact, the results of simulations made on this 
MESFET with, a 0.85 alloy composition in the AlGaAs layer gives a negative 
resistance region in the I-V characteristics as shown in Figure 6.10a.
This negative resistance is also resulted from the confinement of the 
majority of the electrons in the active layer by increasing x. On one hand, 
this gives a substantial decrease of the electron transfer into the AlGaAs 
layer which results in a dramatic decrease of the buffer layer current as is 
shown in Figure 6.10b which gives the details of this current in this device. 
On the other hand, this increase of electron confinement leads to a 
negligible transverse field across the GaAs-AlGaAs interface as is shown 
in Figure 6.11 which gives the distribution of this field and the mobile 
carriers along the y-direction at V^g = IV and Vgg = oV. Consequently, the 
majority of the electrons will experience almost the same conditions of 
the unsubstrated device (see Section 3.2) that leads to the negative 
resistance region in the I-V characteristics.
It is interesting to mention here that negative resistance regions in 
the I-V characteristics of MESFETs with AlGaAs buffer layer were actually 
observed experimentally[85, 86]. This occurs when highly doped and 
thick GaAs active layers were used so there will be a sufficient thickness 
to allow a channel with a negligible transverse field to exist. This then 
makes the majority of the electrons undergo the velocity dropback 
characteristic at large longitudinal electric fields.
However, our results then suggest that by having a large alloy 
composition in the AlGaAs layer, the electrons will experience the velocity
overshoot phenomenon in short gate MESFETS which disappears when GaAs 
is used as the buffer layer as was shown earlier in Chapter 4. For an 
alloy composition of 0.75, velocity overshoot was actually observed in 
the results of Monte Carlo simulations made on a 0.5ym gate MESFET. The 
degree of the velocity overshoot and the performance of this device were 
similar to those of the unsubstrated device. This result gives another 
advantage for the usage of AlGaAs as a buffer layer and indicates again 
the superiority of MESFETs with this layer over the conventional MESFETs.
6.3. MESFETs with N-n Al^Ga, „As-GaAs heterojunctions
6.3.1. Introduction
It was shown in Chapter 2 that high electron mobilities can be obtained 
in pure low-doped n-type GaAs since ionized impurity scattering is avoided. 
Such high mobilities can also be achieved in structures using highly doped 
AlGaAs layer grown on low-doped GaAs layer[87]. In these structures 
electrons will transfer from the conduction band of the wider band gap 
material, the AlGaAs to the conduction band of the smaller band gap 
material, the GaAs. Since the conducting electrons in GaAs are now 
separated from their ionized parent impurities which are located in the 
AlGaAs layer, ionized impurity scattering will be virtually avoided which 
results in high electron mobilities in the GaAs layer[87, 89]. These large 
mobilities have induced much interest in exploiting their benefits for the 
implementation of microwave low-noise MESFETs.
However, a number of parameters do affect these high electron 
mobilities such as the arrangement between the thickness, doping density, 
and the alloy composition of the AlGaAs layer as well as the parameters 
relevant to the GaAs layer. This condition will, in turn, affect the 
performance of MESFETs which utilize these structures and therefore, it is 
necessary to examine the effects in detail. To do so, Monte Carlo
simulations were made on N-n AlGaAs-GaAs heterojunctions before and 
after their implementation in MESFETs. The former condition will be 
dealt with first.
6.3.2. Electron transport in N-n AlGaAs-GaAs structures
The geometry used for these structures is shown in Figure 6.12. We
will start first with considering the effects of the AlGaAs layer parameters
14 -3only with fixing the doping density and thickness of the GaAs at 10 cm
and 0.2ym respectively. First, let us consider that no external bias
is applied so the longitudinal electric field F^ which is parallel to the
AlGaAs-GaAs interface will be zero.
However, let us discuss the results of structure A which has an 
17 -3AlGaAs layer of 4 x 10 cm doping density, 0.15ym thickness, and 0.2
alloy composition. In this structure, a considerable number of the
electrons are transferred into the GaAs layer as is shown in Figure 6.13
which gives the electron density distribution along the y-direction of this
structure. This electron transfer will produce a considerable band bending
and therefore a quasitriangular potential well at the GaAs side of the
interface as is also shown in Figure 6.13. A large number of the electrons
are actually confined within the potential well and behave as a two-
dimensional electron gas[77,87,88]. For this potential well, size quantization
effects are important and must be considered [77]. In our study, these
effects are neglected since they require much complicated models. More
discussion on this matter will be considered in the next Chapter.
It is shown in Figure 6.9 that the mobilities of the AlGaAs and GaAs
2layers in this structure are 1800 and 8700 cm /V.s respectively, while the
2
average mobility of this structure is 3800 cm /V.sec which is calculated 
using equation (5.1). It is obvious that this average mobility is not 
very different from the mobility of the AlGaAs layer. To explain this 
situation, it is clear in equation (5.1) that the average mobility of a
structure containing layers of different mobilities is proportional to 
the sum of the conductivity of the layers. In this structure, this 
mobility will then be dependent on the sum of the conductivities of the 
doped AlGaAs layer and of the GaAs layer, but as the thickness of the 
AlGaAs layer is much wider than the space charge region, a large number 
of electrons will not transfer into the GaAs layer as shown in Figure 6.13. 
Instead, these electrons will experience the low mobility of AlGaAs and 
then results in a low average mobility for this structure. Therefore, 
to obtain the highest possible mobility, it is essential to obtain a maximum 
electron transfer into the GaAs layer since the AlGaAs layer has the lower 
mobility. This then requires the optimization of the AlGaAs layer thickness 
as shown in Figure 6.14 which gives the dependence of the average mobility 
on this thickness. An interesting example is structure B of this figure 
which has an AlGaAs layer of a thickness equal to that of the space charge 
region. Since the space charge region thickness is mainly dependent on the 
doping density, the electron density distribution in this structure is 
almost the same as that in structure A. The only difference is the omission 
of the AlGaAs part outside the space charge region which results in the 
decrease of the number of electrons in the low mobility layer. Consequently, 
this structure will have a higher average mobility as is indicated in 
Figure 6.14.
The dependence of the average mobility on the thickness of the AlGaAs 
layer has also been demonstrated experimentally by other workers [90-92] .
The decrease of the mobility with increasing this thickness was also 
attributed to the increase of electron conduction in the AlGaAs layer which 
is consistent with our interpretations.
However, it should be noticed that the sheet concentration of GaAs, 
which is the product of the space charge region thickness and the electron 
density within this layer, must equal the areal concentration of AlGaAs
which is the product of layer doping density and the space charge region
thickness within the layer, as is shown in Figure 6.13. Since the thickness
of a space charge region is proportional inversely to the square root of
the doping density, it is clear then that the areal concentration of
AlGaAs is proportional to Consequently, the sheet concentration of
GaAs will also increase with the increase of the doping density of the
AlGaAs. This situation is clearly illustrated in Figure 6.15 which shows
the electron density distribution in structure C which is the same as
17 -3structure B but with a 7 x 10 cm doping density in the AlGaAs layer. As 
the electron density in the GaAs layer increases with increasing Np, the 
average electron mobility will also increase as is shown in Figure 6.16 which 
shows the dependence of this mobility on the doping density of the AlGaAs 
layer.
This mobility can be increased further by decreasing the thickness of 
the AlGaAs layer to remove the undepleted part in this layer which arises 
from the decrease of the depletion region thickness by increasing N^.
This situation is also shown in Figure 6.14.
The increase of the average mobility with the increase of the doping 
density of AlGaAs layer has also been observed experimentally[92,93], and 
it was attributed to the increase of the sheet concentration of GaAs.
However, it is also interesting to investigate the role of the alloy 
composition of AlGaAs. It is noticed from Table 6.1 that increasing x will 
increase the difference between the band gaps of the two materials which, 
in turn, will increase the conduction band discontinuity at the interface 
according to equation (6.2). Since increasing AEc increases the barrier 
potential[77], this then increases the depletion region thickness in the 
AlGaAs layer and then increases the areal concentration of this layer and 
also the sheen concentration of the GaAs layer . This condition must lead 
to the increase of the average mobility with increasing x as shown in Figure 
3.17 which shows the dependence of this mobility on the alloy composition
of AlGaAs, but since increasing x decreases the mobility of the AlGaAs 
layer, the increase of the average mobility with x is slow. The dependence 
of this mobility on x is only given for the direct band gap AlGaAs,
i.e. x < 0.45 since the properties of the interface between the GaAs and 
the indirect band gap AlGaAs is not well understood.
However, let us now consider that an external bias is applied across
the x-direction of the sample shown in Figure 6.12. Since the band bending
occurs across the y-direction and since the sample is homogeneous along the 
x-direction, the longitudinal field F^ will be constant everywhere in the 
sample. The value of F can be estimated as V /L where V is the applied
X  Z  cL
voltage and L is the sample length which is chosen as 2vim.
First, let us assume that a bias of 0.1V is applied to structure C 
which results in an F of 500V/cm. The existence of this field seems not
X
to alter the average mobility of the structure as is shown in Figure 6.18a 
which gives the dependence of this mobility on F . The only explanation 
for this behaviour is that Fx is too small to cause the transfer of electrons 
from the r-valley to the L-valley of GaAs which usually occur at F^^KV/cm. 
This lack of transfer is shown in Figure 6.18b which gives the electron 
population ratio for the T-valley of the GaAs layer as a function of F .
A
This behaviour will continue as shown in these two figures until F^ 
reaches a value of 2.1KV/cm at which the mobility will decrease as Fx 
increases as shown in Figure 6.18a. It is clear from Figure 6.18b that 
no electron transfer has occured into the L-valley of GaAs at F^ = 2.1KV/cm 
but it is interesting to see in this figure that the population ratio of the 
electrons in the GaAs layer itself has decreased at this field. This 
behaviour can be related to the fact that the confined electrons in the 
GaAs layer will be heated by this longitudinal field and then gain some 
kinetic energy. As this kinetic energy exceeds AEc, many electrons will 
not be confined in the GaAs any more but instead they will be able to
transfer back into the AlGaAs layer. This process will result in the 
increase of the electron density in the low mobility AlGaAs layer as is 
shown in Figure 6.18b, and since this increases the conductivity of this 
layer with respect to that at lower values of F', the average mobility 
will then decrease at high values of F" as shown in Figure 6.18a. The 
increase of back transfer of hot electrons into a smaller mobility region 
with increasing F represents the real space analog of the T-L transfer 
in GaAs. Thereby, it results in a nonlinear behaviour in the velocity- 
field characteristics, namely the existence of a negative differential 
mobility region in the v -F characteristics of this structure as is shown
X X
in Figure 6.19.
However, since the more the electrons in the GaAs layer is the 
higher average mobility, it is essential then to increase the conduction 
band discontinuity to reduce the influence of F^ on electron transfer into 
the AlGaAs layer. This situation is clearly shown in Figure 6.18b which 
shows the decrease of electron transfer in the AlGaAs layer by increasing x 
to 0.3. Since increasing x will also lead to a further increase of the
average mobility as explained earlier and shown in Figures 6.17 and 6.18a,
and since increasing x increases the threshold value of F that is required 
for the back transfer, this structure will have a higher peak value for v^
as shown in Figure 6.19. This latter condition makes this structure to
have a higher peak-to-valley ratio for the negative differential mobility 
region as shown in Figure 6.19 since increasing x gives a further reduction 
of the mobility of the AlGaAs layer.
The above behaviour will continue to occur as the band gap between 
the r and L valleys of GaAs is less than AEc until x reaches a boundary 
value of 0.39 at which AE =AE . For this x, the structure has the highest
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average mobility, the highest peak value of v' as is shown, in Figures 6.18a 
and 6.19 respectively. As x exceeds the above boundary, the heated electrons
will move out from the T-valley to the L-valley of the GaAs layer for
Fx > F ^ instead of transferring into the AlGaAs layer. This behaviour is
shown in Figure 6.18b for x = 0.45 by the decrease of the r-valley
population ratio of the GaAs layer while the electron population ratio
of the GaAs layer is almost fixed at the low field value. Although this
will not affect the average mobility at low fields and makes the structure
experience this mobility up to the threshold field for the T-L transfer
in GaAs as shown in Figure 6.18a, the electrons will experience the high-
field mobility of GaAs for Fx > F ^  instead of experiencing the low mobility
of AlGaAs. Consequently, the structure will show a VX~FX characteristic
with a velocity dropback that is resulted from the T-L transfer of
electrons in the GaAs and not from the back transfer into the AlGaAs layer.
This v -F characteristics is shown in Figure 6.19. The peak-to-valley x x
ratio of the velocity dropback in this characteristics will be less than 
that corresponds to the 0.39 alloy composition case since the high field 
mobility of GaAs is even higher than the low-field mobility of A1q 3g^aQ 61^s 
as shown in Figures 2.4 and 6.9 respectively.
The existence of this real space transfer has also been observed in
practical structures by the existence of a negative differential resistance
in the current density-longitudinal field characters of a GaAs-AlGaAs
structure for x <0.39 at F < F., [94].x thL J
Finally, we must remember that the properties of the GaAs layer are also 
important for determining high average mobilities. The properties that 
will be considered below are the background doping and the thickness of the 
GaAs layer. Concerning the doping effect, it was shown in Chapter 2 that 
increasing the doping density of a semiconducting material will reduce its 
mobility due to the influence of the ionized impurity scattering. For the 
AlGaAs-GaAs system, this will lead to the decrease of the mobility of the 
layer which is occupied by the majority of the electrons as was shown
earlier. Consequently, the average electron mobility will decrease with 
increasing the doping density of GaAs as is shown in Figure 6.20a which 
gives the variation of the average mobility with the doping density of the 
GaAs layer for structure C. This behaviour has also been observed 
experimentally by Drummond et al[95].
However, all the above results are from simulations performed on 
structures with a GaAs layer which is much thicker than the potential well 
thickness. This makes a significant part of this layer to be not occupied 
by any transferred electrons from the AlGaAs layer as is shown in 
Figures 6.13 and 6.15. In order to see the effects of reducing the thickness 
of the GaAs layer on the properties of the GaAs-AlGaAs structure and to 
avoid the effects of the surface boundary conditions (see Section 2.3.2), 
simulations were performed on a structure in which the GaAs is sandwiched 
between two AlGaAs layers of the same properties. Each half of the GaAs 
layer will then form the same heterojunction with the AlGaAs layer adjacent 
to it as is shown in Figure 6.21 which gives the electron density 
distribution along the y-direction for structure D which has the same AlGaAs 
layer of structure C but with a GaAs layer of lO^cnT^ and 0.4ym thickness. 
Since half this thickness is actually the thickness of the GaAs layer in 
structure C, no difference was observed between the electron density 
distribution for structure D and that for structure C which was shown in 
Figure 6.15. Accordingly, the average mobilities of both structures will 
be the same. The average mobility of structure D was kept constant as 
half the GaAs layer thickness is more than 0.15ym which is the potential 
well thickness. Figure 6.20b gives the dependence of the average mobility 
of structure D on the thickness of the GaAs layer.
However, by making the GaAs layer thickness less than the 0.15ym 
limit, the mobility will start to decrease as shown in Figure 6.20b. This 
behaviour must be resulted from a decrease of the electron density in the
GaAs layer which is actually shown in Figure 6.22 for structure E 
which has a total GaAs layer thickness of 0.2ym. This decrease of the 
GaAs layer thickness produces a squeeze on the potential well which 
results in the decrease of the sheet concentration of the GaAs layer. 
Consequently, this increases the number of electrons in the AlGaAs layer 
which, in turn, causes an increase of the conductivity of the low mobility 
layer and then leads to the decrease of the average mobility. As the 
potential well thickness decreases further by decreasing the GaAs layer 
thickness, this will produce a further decrease in the average mobility as 
is shown in Figure 6.20b. The decrease of the mobility with decreasing 
the GaAs layer thickness was also reported in the literature[91,96]. The 
conclusions of these reported results are consistent with our simulation 
results.
6.3.3. N-n AlGaAs-GaAs heterojunctions in MESFETs
The mobility enhancement in n-N AlGaAs-GaAs structures has stimulated
considerable interest. Recently many FETs have been made with these
structures[97-104]. These MESFETs can be divided into two main types which
will be discussed in detail here. The first type was proposed by Mimura
et al[97]. This structure has a thin low-doped n-type GaAs active layer
on a heavily doped AlGaAs layer. The basic idea of this device is to transfer
the electrons from the AlGaAs layer into the high mobility active layer and
experience the conduction modulation process by the gate. In order to
understand the properties of this device, Monte Carlo simulations were
performed on a MESFET of a lym gate length and a 0.2ym active layer of 
16 -310 cm doping density. The AlGaAs layer is of O.lym thickness and 
1 7 - 34 x 10 cm doping density, and has a 0.2 alloy composition. The 
predicted I-V characteristics of this device is shown in Figure 6.23a. We 
shall refer to this device as device (1).
According to our discussions in the previous section, a considerable 
number of the AlGaAs layer electrons have to transfer into the GaAs layer. 
However, this seems not to occur as is shown in Figure 6.24 which gives 
the distribution of the transverse field F and the electron density n along 
the y-direction of this device at VDg=lV and VGg=oV.
16 ~3To explain this difference, it must be noticed that the 10 cm doping 
density of the active layer produces a 0.33ym depletion region thickness 
as can be estimated from Shockley’s theory[1]. Since the active layer 
thickness is less than the above one, the gate depletion region will extend 
all over the active layer and depletes a large number of the electrons that 
have transferred from the AlGaAs layer. This will then result in a small 
electron density in the active layer as is shown in Figure 6.24. It is also 
clear from this figure that a large number of the electrons is within the 
heterojunction space charge region. Therefore, these electrons will be in 
a situation where the longitudinal velocity v of this region will
X
experience the dropback characteristic at large longitudinal fields due to 
the back transfer process which was discussed earlier. This behaviour is 
shown in Figure 6.25 which gives the variation of v^ with F^ as a function 
of y for different values of V^g and at Vgg = oV. This situation, however, 
will not lead to a negative resistance in the I-V characteristics of this 
device since the majority of the electrons are in the wide undepleted part 
of the AlGaAs layer. Although the transverse field is negligible in this 
part as shown in Figure 6.24, the v^-F^ relation for this part will not show 
any dropback as shown in Figure-6.25 since alloy scattering in AlGaAs 
reduces the low field mobility of this material. This then results in the 
absence of a negative differential mobility in the velocity-field 
characteristics of AlGaAs[105], Consequently, the majority of electrons 
are in a region where v^ is increasing with F^ and then, the I-V character­
istic of this device will maintain a positive conductance as shown in 
Figure 6.23a. This characteristic shows a poor current saturation because
the majority of the electrons are in the AlGaAs layer which results in
having 70% of the total current in this layer as shown in Figure 6.23b.
This poor saturation was also observed experimentally in similar devices
with thick AlGaAs layer. Reducing '.the thickness of this layer then leads
to a better saturation characteristic as was also shown experimentally by
many workers[97-99].
In addition to this small output resistance, this device will also
show a poor performance as is shown in Table 6.3 and observed in similar
practical devices[97-99]. This situation is illustrated by the low gm in
this device in comparison with that of FETs in Section 6.2. Although gm
2is dependent on the active layer mobility, which is about 6500 cm V.sec 
16 -3for this 10 cm- active layer, this will not give a high gm since the 
product of the mobility and the electron density under the gate is the 
most important parameter to control the value of g^. Since a small electron 
density exists within the active layer of this device due to the strong 
electron depletion, gm will then have this small value in Table 6.3.
This small gm will result in the deterioriation of the frequency response
of the device as is indicated in this table by the low values of f™, f ,J T max
and U. Moreover, the electrons in the GaAs layer will be further depleted 
as the gate bias is increased but due to the wide undepleted part in the 
AlGaAs layer, the device will require a large gate potential to achieve 
a complete pinchoff. This situation leads to the gradual pinchoff 
characteristic as shown in Figure 6.26 which gives the transfer characteristic 
of this device. Consequently, the value of gm will be much smaller at low 
drain currents as shown in Figure 6.27a and, as a result, this device will 
experience a poor noise performance as is shown in Figure 6.27b.
However, in order to improve the performance of this device, the 
doping density of the active layer must be increased to a level that allows 
a conducting channel to exist so that electrons can be transferred from
the AlGaAs. From the results in Chapter 3, it is clear that a doping 
17 -3density of 10 cm for a 0.2pm active layer thickness will allow a 
conducting channel of 0.05ym to exist. Therefore, by having this 
active layer on the AlGaAs layer of device (1), one will expect a large 
electron transfer into this active layer as is shown in Figure 6.28 which 
gives the distribution of the transverse field and the electron density 
at Vpg=lV and Vgg=oV for this device (referred to as device 2). This 
increase of electron transfer will widen the space charge region in the 
AlGaAs and then reduces the thickness of the undepleted part of this layer 
where the electrons will experience an increase of v with F as was
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exaplained earlier. On the other hand, the increase of electron transfer 
will increase the number of electrons in the heterojunction region where 
v^ experiences the dropback characteristic at large values of F^. These 
two situations must improve the saturation characteristic of the device 
as is shown in Figure 6.29 which gives the I-V characteristics of 
device(2).
The increase of electron density in the active layer makes this 
device to have a high value of gn^ and also small values for both Cgg and 
Cgp. The improvement of the values of these parameters will also improve 
the frequence response of the device as is indicated in Table 6.3. More­
over, the large electron density in the active layer will exist until a 
large gate bias is applied to pinchoff the active layer. Consequently, gm 
will be maintained at a very high value up to large gate potentials as is 
shown in Figure 6.27a which then leads to a sharper pinchoff than that 
of device (1) as is shown in Figure 6.26. This will also lead to the 
improvement of the noise performance of this device as is shown in Figure 
6.27b.
However, following the discussions in Section 6.3.2, the performance 
of the MESFET has to improve further by increasing the doping density of
the AlGaAs layer since this increases the sheet concentration of the
GaAs layer. This improvement of MESFET’s performance can actually be
seen in Table 6.3 for device (3) which is similar to device (2) but with
17 -3a doping density of 7 x 10 cm in the AlGaAs layer. The high value of
g of this device is resulted from the increase of the electron density m
in the active layer by the increase of the sheet concentration. This 
situation will also lead to a higher value of g^ at large gate potentials 
as is shown in Figure 6.27a which produces a sharper pinchoff and also a 
lower minimum noise figure as is shown in Figures 6.26 and 6.27b 
respectively. These high values of gm and low noise figures were also 
obtained in similar practical devices[100,101].
Moreover, it should be noticed that dipole domains cannot be formed 
in the channel of these FETs if the conduction band discontinuity is less 
than the energy band gap between the T and L valleys of GaAs which is the 
case for devices (1) - (3). This is’ because every hot electron in the 
channel will experience the back transfer process into the AlGaAs layer. 
Therefore, the alloy composition of the AlGaAs must be kept below the0.39 
boundary at which AE = AE _ as was shown earlier. The alloy composition
C i  “ Li
must also be as high as possible below this boundary* value since high value 
of x gives an increase of the electron densith in the GaAs layer as was 
explained earlier. This increase of electron density will then improve 
the performance of MESFETs as is shown in Table 6.3 and Figures 6.26 and 
6.27 for device (4) which is as device (3) but with an alloy composition 
of 0.35.
However, it should be realised that no mobility enhancement can be 
achieved in the above devices since electrons will transfer into a highly 
doped and los mobility GaAs active layer. In order to achieve high average 
mobilities in MESFETs, another type of MESFETs was proposed[102-104] . This 
device, consists of a heavily doped AlGaAs active layer on a low-doped
n-type GaAs buffer layer. This makes the electrons transfer into a 
high mobility layer and experience the mobility enhancement.
In order to understand the properties of this device, simulations
1 7 - 3were made on a MESFET of 4 x 10 cm doping density and 0.15ym AlGaAs
1 4 - 3active layer with a 10 cm doped GaAs buffer layer of lym thickness.
The predicted I-V characteristics of this device is shown in Figure 6.30.
We shall refer to this device as device (5).
However, a large electron transfer will take place from the active 
layer to the buffer layer as is shown in Figure 6.31 which gives the 
distribution of the electron density along the y-direction of this device 
at VDS=1V and Vgg=oV. Although a considerable proportion of the
A
electrons are in the high mobility layer, the high value of gm of this 
device at zero gate bias is not a consequence of this transfer. This high 
gm is actually resulted from the large electron density in a wide 
conducting channel as shown in Figure 6.31 since a small gate bias step 
will not be enough to push the conducting channel boundary into the GaAs 
layer and alter the electron density in that layer. As the gate potential 
is increased further, the gate and the heterojunction depletion regions will 
overlap. This makes V^g have an influence on the electron density in the 
GaAs layer in addition to its influence on the electron density in the 
active layer as is shown in Figure 6.31 which also gives the electron 
density distribution at various gate potentials.
Although the electron density in the GaAs layer is less than the 
electron density in the active layer for the zero gate bias condition, 
the mobility-electron density product for the GaAs is much higher than that 
of the active layer because of the high GaAs mobility. This situation will 
then result in a larger rate of change of the current with V^g which leads 
to an increase of gm at higher gate potentials as is shown in Figure 6.32a 
which gives the variation of g^ with I^g at different gate potentials.
This increase of gm with increasing V^g will continue as there is a 
large electron density in the GaAs layer to experience the conduction 
modulation by the gate. The value of g^  ^will decrease afterward since 
a significant part of the electron density in the GaAs layer will be 
depleted at large gate potentials as shown in Figure 6.31. Although 
this situation gives a gradual pinchoff at large gate potentials as is 
shown in Figure 6.33 which illustrates the transfer characteristic for 
this device, a sharp change of I^g with V^g will be valid for a large 
domain of V^g. This situation will give a pronounced improvement of the 
noise figure for this device as is illustrated in Figure 6.32b which shows 
the dependence of noise figure on I^g.
However, it is clear from Figure 6.30 that this device has also a good
current saturation degree. This is attributed to the large number of
electrons in the heterojunction region as shown in'Figure 6.31. These
electrons will experience the dropback characteristic of vx with F^ that
is resulted from the back transfer of electrons into the AlGaAs as was
explained in Section 6.3.2. This back transfer process is well illustrated
in the distribution of the buffer layer current which is shown in
Figure 6.34. In this figure, it is clear that this current increases
linearly in the low-field source-gate region of this device. As we proceed
further away from the source end of the gate, this current starts to
decrease. This decrease marks the transfer of electrons from the GaAs
when they have gained an energy greater than AE . The decrease of this0
current will continue as F increases in the channel towards its maximumx
value at the drain end of the gate as is shown in Figure 4.5a. Beyond this 
point, the buffer layer current will increase again since F^ decreases in 
the channel as shown in Figure 4.5a. This current will decrease further 
in the high field region under the gate as F^ increases with increasing V^g 
as is shown in Figure 6.35. This situation leads to the dropback of vx
with in the heterojunction region as mentioned earlier and shown 
in Figure 6.35 which gives the variation of v' with F" for this deviceX X
as a function of y. This dropback of v does not lead to the appearance 
of a negative resistance region in the I-V characteristics of this 
device as shown in Figure 6.30. This is because the majority of electrons 
are within the conducting channel part of the AlGaAs active layer and 
since the velocity-field characteristics of AlGaAs will not show any 
velocity dropback for this doping and composition ratio as explained earlier, 
these electrons will not experience any velocity dropback as shown in 
Figure 6.36. Therefore, a positive conductance will be maintained in the 
I-V characteristics of this device.
However, the value of gm for this device will lead to the improvement 
of the frequency response of the FET as shown in Table 6.3. As g^ increases 
with increasing V^g, this response will also improve further and reaches its 
optimum when gm reaches its maximum value. This good performance has also 
been observed experimentally in similar devices[102-104], and was attributed 
to the electron transfer into the high mobility GaAs buffer layer.
By comparing the optimum performances of this device and device (2)
which has the same doping density and alloy composition of the AlGaAs layer,
it is clear that the former properties are much better than those of
device (2). Since the performance of device (2) was improved by increasing
both the doping level and the alloy composition of the AlGaAs, it will
not be surprising if the performance of device (5) improves by increasing
any of these two factors. This improvement is actually shown in Table 6.3
for device (6) which is as device (5) but with a doping density of 
17 -37 x 10 cm in the AlGaAs active layer and also for device (7) which is 
as device (6) but with an alloy composition of 0.35. For device (6), this 
improvement is achieved since increasing the doping densith of the AlGaAs 
layer will increase the electron density in the high mobility layer. On
the other hand, the performance is improved further in device (7) 
since increasing the alloy composition of the AlGaAs layer increases the 
electron density in the GaAs layer and reduces the back transfer of 
electrons into the AlGaAs at high fields as was discussed in Section 6.3.2.
6.4. Conclusion
In this Chapter, three different devices are simulated for the purpose 
of investigating the properties of MESFETs using GaAs-AlGaAs heterojunctions.
The first device has a doped GaAs active layer and undoped AlGaAs 
buffer layer. In this device, electron confinement in the active layer was 
achieved. This confinement increases with increasing the alloy 
composition of the AlGaAs layer. This makes the device retain its 
unsubstrated properties and show .an appreciable frequency and noise 
performances.
The second device has also a doped GaAs active layer but with a 
heavily doped AlGaAs buffer layer. The electron transfer from the AlGaAs 
layer to the active layer will result in increasing the electron density 
in the active layer and then lead to more improvement in the general 
performance of this device. It was determined that as the doping level 
and the alloy composition of the layer is increased, the device will show 
more improvements in its performance due to the increase of the electron 
density in the active layer.
The third device is an opposite of the other two. This device has a 
heavily doped AlGaAs active layer on a low-doped, n-type, high mobility 
GaAs buffer layer. The electrons in this device transfer into the GaAs 
layer and experience its high mobility which then lead to a further 
improvement of the device performance. This performance can be improved 
further by increasing the electron density in the GaAs layer. This can 
usually be achieved by increasing either the doping density or the alloy 
composition of the AlGaAs active layer.
TABLE 6.1. Dependence of Al; Ga^ ~^As parameters on alloy composition x .
1. Valley independent parameters
Low frequency dielectric constant ep = 12.9 - 2.Ox
High frequency dielectric constant = 10.9 - 2.47 x
LO phonon energy (eV) ho)Q = 0.03535 ~ 0.0146x
2. Valley dependent parameters
(a) r-valley
Energy band gap (eV)
1.439 + 1.247x x < 0.5
E = •
g 2.053 + 0.956x x > 0.5
Effective mass
m*/m = 0.063 + 0.083x 
r o
(b) L-valley
Energy bandgap (eV)
EL = 1.769 + 0.581x 
g
Effective mass
m*/m = 0.222 + 0.183x L o
(c) X-valley
Energy band gap (eV)
EX = 1.961 + 0.095x + 0.112 x2 
g
Effective mass
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Figure 6.1: Energy band diagram (a) before and (b) after formation 
of N-n GaAs-AlGaAs heterojunction. The subscripts 1 and 2 
are for GaAs and AlGaAs respectively, and Ep is the Fermi 
level. See text for other symbols.
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Figure 6.2: Energy band diagram (a) before and (b) after
formation of n-N GaAs-AlGaAs Heterojunction.
Dr
ai
n 
cu
rr
en
t 
(m
A)
(a)
30 __
4321
Drain-source bias (V)
(b)
10 -
eo>uu3O
u
<0X
3CQ
5 -
DS
V =3V 
DS DS
3210
■■■' 1 " >  x,um
Figure 6.3: (a) The calculated I/V characteristics of GaAs
MESFET with Aln 0Ga_ QAs buffer layer.U • m vJ • o
(b) Distribution of buffer layer current along x-axis 
for Vgg=oV and different drain bias.
200
•H
Active layer
UJ
/— \ 
S a \  
>
'—/
0.5x10
©
tnM
©
>in
CaJU
E-
- 0.1
y
Figure 6.4: Variation of transverse field F and electron density n, 
as a function of y, at 0.75pm from source end of gate 
of GaAs MESFET with Al^ ^ Gkg gAs buffe~r -layer at Vpg=lV 
and Vgg=oV.
Lo
ng
it
ud
in
al
 
ve
lo
ci
ty
 
v 
(1
0 
cm
/s
ec
)
y=0.025pm
y=o
0.5
10 20
Longitudinal field F (KV/cm)
X
Figure 6.5: Variation of longitudinal velocity v^ with longitudinal
field Fx> as a function of y, measured at 0.75 micron 
from source end of gate of GaAs MESFET with 
A1q 2Gao 8As ^uffer layer.
Ga,A1 As
Al~ .Ga^  .As
GaAs
10
2 1
Gate-source bias (V)
Figure 6.6: The transfer characteristics of GaAs
MESFETs with the buffer layer types given 
above at Vpg=5V.
No
is
e 
fi
gu
re
 
(d
B)
10 20 30
Drain-current (mA)
(b)
GaAs
4 -
Al_ 0Gart 0As
Al_ „Ga_ .As
Ga, As
10 20
Drain current (mA)
Figure 6.7: Variation of (a) transconductance and (b) noise
figure with drain current for GaAs MESFET with the 
buffer layer types indicated above.
Dr
ai
n 
cu
rr
en
t 
(m
A)
(a)
30
20
10
1 2 3 4
Drain-source bias (V)
10 -
3<DUu
3O
u<D
<u
*4-1«4H3CQ
0
(b)
V =5V 
DS
DS
0 1 2 3
x,ym
Figure 6.8: (a) The calculated I/V characteristics of GaAs 
MESFET with A1q ^a^ ^As buffer layer.
(b) Distribution of buffer layer current along 
x-axis for V^g=oV and different drain bias.
o0>
C/5
>
CM
sO'— > 5000
N =4x10 cm>N+J
•H
H
•H
O
e
N =7x10 cmeo
J-t
+->oo
rHw
.2 .4 .6 .8 1
Alloy composition 
Figure 6.9: Dependence of electron mobility of A1 Ga. As on
alloy composition x for different doping levels.
Bu
ff
er
 
la
ye
r 
cu
rr
en
t 
(m
A)
1 2 3
Drain-source bias (V)
4
Figure 6.
V =5V DS
DS
DS
0 1 2 3
LO: (a) The calculated I/V characteristics of GaAs 
MESFET with Al^ gg^ag ^As buffer layer.
(b) Distribution of buffer layer current along x-axis 
for V^g=ov and different drain bias.
Tr
an
sv
er
se
 
fi
el
d 
F 
(K
V/
cm
)
200
Active layer •H
to
100 0.5x10
- 0.1
Y *
Figure 6.11: Variation of transverse field F^ and electron
density n, as a function of y, at 0.75uto from source 
end of gate of GaAs MESFET with A1Q ggGa^ ^As 
buffer layer at VDg=lV and VgS=oV.
V
a
I
AlGaAs layer
GaAs layer
-------
L ---------- >
Figure 6.12: The structure used for the Monte Carlo
simulations of N-n AlGaAs-GaAs structures.
Figure
(a)
><D
taO
<d
c<D
T3
§
XI
co
•H
Po3T3
COU
GaAs AlGaAs
0.4
0.2
0
- 0.10.2
y,ym
- 0.2
toi
go
fH
o
. x.
VP
•Hw
30>•3
3O
Po<D
w
6
4
2
- 0.100.2 0.1
6.13: Distribution of (a) energy and (b) electron
density for structure A.
10
x•M
•HrH
*H
i 5000
co
5-t+->o0
rH
0
0taOctf
f-i
0
5
7x10 cm
4x10 cm
0.1 0.2
AlGaAs layer thickness (ym)
Figure 6.14: Dependence of average electron mobility on
AlGaAs layer thickness for the doping 
densities given above and alloy composition 
of 0.2.
toI
eo
rH
o
X
p
•HV)
£a>T3
£ou
poo
rH
cu
GaAs
10
8
6
4
2
-0.060.1 00.2
Figure 6.15: Distribution of electron density
for structure C.
CM
XP
•H
r“H
•HXiO
s
ow>cdU
<0
s
5000
17 -3AlGaAs doping density (10 cm )
Figure 6.16: Dependence of average mobility on doping density 
for AlGaAs of 0.06ym thickness and alloy 
composition of 0.2.
7500 -x
p•H
rH
•H
r O
Os
& 5000
rt U <D
t   I   ....,... ....
0.25
Alloy composition
0.5
Figure 6.17: Dependence of average mobility on alloy
composition for AlGaAs of 0.06ym thickness 
17 -3and 7x10 cm doping density.
r-
va
ll
ey
 
po
pu
la
ti
on
 
ra
ti
o 
r
1 0 20
Longitudinal field (KV/cm)
(b)
r,x<0.39
r,x=0.45
0.5
.p,x=0.3
10 20
o
•H•M03U
Co
•H+->
o3
i—I
3PhOCU P*
M<0
Xoj
V)
<rt
Longitudinal field (KV/cm)
Figure 6.18: Dependence of (a) average mobility and (b) T valley
population ratio and GaAs layer population ratio on 
longitudinal field for structure C for different 
alloy compositions.
10 20 
Longitudinal field (KV/cm)
Figure 6.19: Longitudinal velocity-longitudinal field
characteristic of structure C for different 
alloy compositions.
( a )
•H
XIo
6
otm
cduo><
I— \o0)I/)
> 5000
&oW
X
■p
1014 1015 1016 10
17
-S'GaAs layer doping density (cm )
CM
X+->•H
r—I•H
Xos
<ubO
cdJh<D
5
5000
(b)
0.1 0.2
GaAs layer thickness (ym)
Figure 6.20; Dependence of average mobility of structure C on
(a) GaAs layer doping density; and
(b) GaAs layer thickness.
El
ec
tr
on
 
de
ns
it
y 
(1
0 
cm
GaAs layer12
10
8
AlGaAs
layers6
4
2
0.06 0 - 0.1 -0.4 -0.- 0.2 -0.3
y»mn^ !■-
Figure 6.21: Electron density distribution of device D.
GaAs
layer
AlGaAs
layers
-0.- 0.1 -0.0.06 0
y,ym ^
Figure 6.22: Electron density distribution of
device E.
Dr
ai
n 
cu
rr
en
t 
(r
aA
)
0
20 -
10
2 3
Drain-source bias(V)
fn /—\ O < 
X  E  nj *
rH
■P 
0 0u
4-1 p 
3 3 
cq a
20 n
io _
o
(b)
DS
DS DS
Figure 6.23: (a) The calculated I/V characteristics of 
device (1).
(b) The distribution of the buffer layer current 
along x-axis at V^g-oV and different drain bias.
Tr
an
sv
er
se
 
fi
el
d 
F 
(K
V/
cm
)
4x10200
to
•H
— GaA s 
active layer
100
- 0.10.1 00.2
+y,ym -y,ym
Figure 6.24. Variation of transverse field F and electron density 
n, as a function of y, measured at 0.75ym from 
source end of gate of device (1) at V^g=lV and
for heterojunction region 
-0.05 m y 0.0.05ym
i— \
ooin
£O
O
X>
X
p
•HOOr—i
<D
>
*3 °-5
•H
3
P•H
(50
3o for undepleted part of 
AlGaAs layer y=-0.05ym
2010
Longitudinal field Fx(KV/cm)
Figure 6,25. Variation of longitudinal velocity with
longitudinal field as a function of y, measured 
at 0.75ym from source end of gate of device (1) .
50
(2)
20
device (1)
12
Gate-source bias (V)
Figure 6.26. Transfer characteristic of MESFETs using 
high-doped AlGaAs buffer layers.
Dr
ai
n 
cu
rr
en
t 
(m
A)
30
co
a
oo
£cd
■po3
£ooV)
£
tdP
E-
20
10
device (4)
device (3)
device (2)
device (1)
i.
10 • 20
Drain.current (mA)
(b)
30 40
CQT3
<DP
3GO•HU-i
<D tn •H 
Oz
5
(2)
(3)
(4)
10 20 30
Drain current (mA)
Figure 6.27: Variation of (a) transconductance and (b) noise
figure with drain current for MESFETs using high 
doped AlGaAs, buffer layers.
Tr
an
sv
er
se
 
fi
el
d 
F 
(K
V/
cm
)
4x10200
•Htn
GaAs 
active layer
■p .
,o
-
100
0.2 0.1 0 - 0.1
+y,um -y,ym
y
Figure 6.28. Variation of transverse field F and electrony
density n, as a function of y, measured at 0.75ym 
from source end of gate of device (2) at Vpg=lV 
AND V =oV.uo
40
2 20
Drain source bias (V)
Figure 6.29: Calculated t /v  i.
ted I/V characteristics of device (2)
Figure 6.
2 3 4
Drain-source bias (V)
0: Calculated I/v characteristics of device (S)
El
ec
tr
on
 
de
ns
it
y 
(c
m
/— s
toI
.y
Figure
4x10
- AlGaAs 
active layer
17~ 2x10
V =-2V 
GS
-0.150.15 0
+y,ym -y,um
<  ■ —  y
6.31: Variation of electron density, as a function of y,
measured at 0.75ym from source end of gate of device
(5) at VDS=1V and different gate bias.
No
is
e 
fi
gu
re
 
(d
B)
 
Tr
an
sc
on
du
ct
an
ce
 
(m
S)
( a )
50
40
30
(7)
(6)
20
10
J  » i »
20 40 60 80
Drain current (mA)
(5)
(7)
20 40 60
Drain current (mA)
-1
100
Figure 6.32: Variation of (a) transconductance and (b) noise
figure with drain current for MESFETs using high 
doped AlGaAs active layers.
device(7)
device(6)
device(5)
4 3 2 1
125
100
75
50
25
Figure 6.33: Transfer characteristic of MESFETs using high
doped AlGaAs active layers.
Dr
ai
n 
cu
rr
en
t 
(m
A)
+Je<Duu
3o
u<D
X
cd
U<D
<4-1
<4-1
3CQ
50
45
40
35
30
25
DS
DS
f
I
0.5
x,ym
Gate
" I -
2.5
Figure 6.34: Distribution of buffer layer current along
drain bias.
x-axis of device (5) at V^g=oV and different
for heterojunction region 
y 0.04ym
/— \ 
o o w
6o
o
X
>
X■M
•HOo
r—I
<D
> 0.5
rH03
c•HT)
3•P•HbO
GO-J
2010
Longitudinal field F (KV/cm)
Figure 6.35. Variation of longitudinal velocity with
longitudinal field at different y-positions 
measured at 0.75ym from source end of gate of 
device (5) at Vrc**oV and different drain bias.
CHAPTER 7
SUGGESTIONS FOR FURTHER APPLICATIONS OF MONTE CARLO MODEL
In this thesis we have applied the Monte Carlo model for simulating the 
planar GaAs MESFET. However, looking to the future, there are many 
possibilities for further development and application of this model in 
semiconductor device simulation.
The following sections will cover some of these possibilities in some 
detail.
7.1. New Materials and Structures
The Monte Carlo model can simulate, at the present time, MESFETs made 
from either GaAs or AlGaAs layer or both. However, there is a considerable 
interest in other binary III-V materials such as InP and InAs, and in ternary 
and quaternary III-V materials such as InGaAs, AlInAs and GalnAsP. The 
electrical parameters and the transport properties of these materials have 
been reported[106].
By including these materials in the Monte Carlo model, the model will 
be a powerful tool for estimating the effect of a semiconductor material 
on device’s operation and performance. Furthermore, one can also apply this 
model to simulate nonplanar MESFETs. This was made possible by Beard[22] who 
extends the FACR algorithm for the solution of Poisson’s equation to allow 
changes in the dielectric constant within the calculation region. This will 
then allow us to study the effect of device shape on device operation and 
performance. The dependence of MESFET performance on device shape has 
already been observed in practical devices[107].
7.2. Small Semiconductor devices
It was shown in Chapter 4 that reducing the gate length leads to 
significant velocity overshoot effects which, in turn, improve the frequency
response of the MESFET. If the device dimensions are reduced further, 
the frequency response will also improve. As these dimensions reach the 
mean free path of the electron, the effect of scattering on electron 
motion will be removed and then the electron velocity increases further 
and hence improves the frequency response of the device.
The electron motion without scattering has been studied by using 
simple theoretical models which neglect the contribution of space charge 
due to the mobile carriers. The Monte Carlo model can provide results 
which are not limited by this assumption and then provide an insight into 
the mechanisms that control the operation of very small devices.
Furthermore, in very small device where the device's tmsit times are 
much less than 1 ps, the time over which a scattering event may occur 
becomes significant and then this event can no longer be considered 
instantaneous. This finite 'scattering time will modify the electron motion 
[108,109]. This effect must also be included in the Monte Carlo model if 
the accuracy of this model has to be maintained for simulating small devices.
7.3. Heterostructures
It was mentioned in Chapter 6 that accurate simulations of heterostructure 
must account for the quantization effects produced by the existence of a thin 
potential well. The electron confinement in such well makes the electron 
transport to be in two-dimensional system. This situation requires the use 
of the two-dimensional forms of scattering which depend on the electron 
envelope function in that well. To calculate this function, one must have 
a self-consistent solution for Poisson's equation and Schrodinger equation. 
Stern[110] gives an iterative method for performing such calculation. In 
addition, the electrons may experience extra mechanisms such as surface 
roughness scattering and scattering by surface phonons. It will be 
necessary to include these modifications in the model before it can be used to 
simulate heterostructures.
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